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ABSTRACT 
The separation of industrially important gases into pure supplies that can be used for many 
practical applications is based mainly on energy intensive methods such as the cryogenic distillation 
which is costly and energy intensive. Therefore other routes have been introduced to industrial separation 
of gases such as the selective adsorption using porous solid materials. Zeolites and activated carbon are 
the most widely used recyclable energy-efficient porous solid materials for industrial gas separations, 
however the low uptake and selectivity hurdles their commercialization in some separation applications. 
Metal organic frameworks (MOFs) have been extensively studied as solid porous materials in term of gas 
separations nevertheless the future of MOFs for practical gas separations is considered to be vague and 
stringent due to their low stability, low capacity and selectivity especially at low partial pressures of the 
adsorbed gas, the competitive adsorption of the contaminants such as H2O, NOX and SOX, high cost of 
the organic ligands, besides the challenges of the formulation of MOFs which is very important in the 
MOFs marketing. In this context we present new porous materials based on inorganic linkers as well as 
the organic molecules, Organic-Inorganic Hybrid Materials, which were found to conquer the current 
challenges for the exploitation of MOFs in practical gas separation such as separation of trace and low 
CO2 concentrations and Xe separation from Xe/Kr mixtures. 
The work presented herein encompasses the development of novel 48.67 topology metal organic 
material (MOM) platform of formula [M(bp)2(M’O4)] (M= Co or Ni; bpe= bipyridine-type linkers; M’= 
W, Mo or Cr) that have been assigned RCSR code mmo based upon pillaring of [M(bp)2] square grids by 
angular WO4
2-, MoO4
2- or CrO4
2- pillars. Such pillars are unexplored in MOMs. They represent ideal 
platforms to test the effect of pore size and chemistry upon gas sorption behavior since they are readily 
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fine-tuned and can be varied at their 3-positions (metal, organic linker and the inorganic pillar) without 
changing the overall structure. Such an approach allows for systematic control of pore size to optimize 
interactions between the framework and the adsorbent in order to enhance selectivity and/or gas uptake. 
Interestingly, these nets showed a high chemical stability in air, water, boiling water and in a wide range 
of pH which is certainly a desirable property in industry and commercialization of MOMs. 
[Ni(bpe)2(MoO4)] (bpe= 1,2-bis(4-pyridyl) ethane), MOOFOUR-1-Ni,  and its chromate analog, 
CROFOUR-1-Ni, exhibit remarkable CO2 affinity and selectivity, especially at low loading. This behavior 
can be attributed to exceptionally high isosteric heats of adsorption (Qst) of CO2 in MOOFOUR-1-Ni and 
CROFOUR-1-Ni of ~56 and ~50 kJ/mol, respectively, at zero loading. These results were validated by 
modeling which indicate that the electrostatics of such inorganic anions towards CO2 affords favourable 
attractions to CO2 that are comparable to the effect of unsaturated metal centres. 
The use of WO4
2- instead of CrO4
2- or MoO4
2- as an angular pillar in mmo topology nets has 
afforded two isostructural porous nets of formula [M(bpe)2WO4] (M = Co or Ni, bpe=1,2-(4-
pyridyl)ethene). The Ni variant, WOFOUR-1-Ni, is highly selective towards CO2 thanks to its 
exceptionally high isosteric heat of adsorption (Qst) of -65.5 kJ/mol at zero loading. 
The fine-tunability and the inherent modularity of this platform allow us exquisite design and 
control over the pore chemistry through the incorporation of different functionalities inside the channels 
of the networks which was then demonstrated as valuable strategy in terms of carbon dioxide capture at 
condition relevant to the direct CO2 capture from air. The exploitation of 4,4’-azopyridine in the design 
and synthesis of CROFOUR-2-Ni, an isostructure of CROFOUR-1-Ni, affords a paradigm shift in the 
CO2 adsorption properties as exemplified by the enhanced CO2 isosteric heat of adsorption at moderate 
and high loading in CROFOUR-2-Ni and the superior CO2 selectivity even for trace and low CO2 
concentration. 
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The two isostructures, CROFOUR-1-Ni and CROFOUR-2-Ni have been also investigated in term 
of Xe adsorption and separation from Xe/Kr mixtures. The two structures were found to exhibit the 
remarkable Xe affinity and selectivity which, together with high stability, good recyclability, low 
regeneration energy and low cost of the two materials could not only diminish the cost of the Xe and Kr 
production but also can potentially afford a high purity of the separated gases. 
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CHAPTER ONE: 
Introduction 
 
Crystal Engineering 
Crystal engineering has enabled the dream of scientists “Form for Function” to come close 
to real since until recently the crystal engineering inclined to the design of the structures while 
now a days it becomes a fact that the design of the structure can lead to a systematic control over 
its properties through the study of the impact of molecular structure upon crystal packing, crystal 
structure and physicochemical properties.1-3 The term “crystal engineering” was first used by Ray 
Pepinsky at the American Physical Society meeting in 1955 when he stated that “crystals with 
advantageous properties can be engineered”. However, Gerhard Schmidt is apparently credited 
with introducing the term of the crystal engineering into the literature in 1971,4 in the connection 
of organic solid state chemistry. Since this use, the term has noticeably disseminated especially 
after Desiraju introduced the modern term of crystal engineering in 1988.5 Desiraju also coined 
very useful term which is “supramolecular synthon”,6 to define the building blocks that are 
common to many structures and thereby can be utilized to direct specific groups in the solid state. 
The Cambridge Structural Database (CSD) represents the best way for tracking particular synthon, 
while there are about 300 000 crystal structures up to date on the CSD which forms a heuristic 
archive for the experimental crystal engineering. Noteworthy, Zaworotko and coworkers7 depicted 
the difference between the crystal engineering approach, structure prediction and self-assembly. 
The crystal engineering deals with the prediction of the connectivity of the networks, however, 
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with less information compared with the structure prediction that predict the precise details of the  
crystal structure such as the unit cell, space group and crystal packing. The self-assembly process 
represents the one-step reaction process in which the self-complementary functional groups of the 
molecular subunits manage the supramolecular arrangement of the supramolecular building blocks 
into ordered superstructure. In this context, metal organic materials (MOMs)7-11 represent the 
potential power of crystal engineering to create custom-designed materials with desired properties.  
 
Metal Organic Materials 
Metal organic materials (MOMs) are typically assembled from of metal cations or metal 
cluster (nodes) that are connected by organic molecules/inorganic anions which serve as linkers to 
afford periodic networks with controllable pore size and chemistry.10,12-15  The IUPAC task group 
Coordination Polymers and Metal Organic Frameworks16 delivered precise recommendations for 
the terminology and nomenclature of porous materials since there are numerous terminologies 
were introduced to the field of porous materials that could lead to unreasonable misunderstanding. 
When we exclude the 0D structures (e.g. nanoballs, cubes and metal organic polyhydra) from the 
family of MOMs and deals with only polymeric 1D, 2D and 3D structures, these harvest 
coordination polymers (CPs),11,17-20 if all linkers are organic in nature, metal organic frameworks, 
MOFs,8 as exemplified by HKUST-121 and MOF-5,22 signified the early examples of MOF 
structures with unprecedented permanent porosity. The fine-tunable and tailorable structures,8,9,23-
25 extra-high surface area26-30 and modular pore functionality,17,31-35 of MOMs affords prodigious 
control over physicochemical properties, in comparison to their purely inorganic analogues 
(zeolites) and have made them an attractive class of porous materials with great potential for a 
wide range of applications, such as gas storage and separation,36-40 heterogeneous catalysis,41-45 
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drug delivery,46,47 and conductivity.48,49 MOMs gained particular attentiveness when the concept 
of crystal engineering was popularized in the early 1990’s5 and subsequently their scientific 
interest have been augmented especially after pioneering the work of Williams,21 Yaghi50 and 
Kitagawa51 pertaining to permanent porosity. By that time, the concepts of crystal engineering and 
self-assembly for the design and synthesis of MOMs were intensely grown which consequently 
enables the systematic study of structure/function relationship in hitherto unprecedented way 
compared with the more random, high-throughput screening approach that is traditionally used in 
materials discovery and development. 
 
Figure 1.1. The prototypal molecular building blocks (MBBs) that used in the design of MOMs. 
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Figure 1.2. Illustrations of different modularity in linker length to control the pore size of MOMs. 
 
 
 
 
Figure 1.3. Illustrations of different chemical functionalities of the organic linker to control the pore 
chemistry of MOMs. 
 
Topology 
The growth of structure networks surges the need for the analysis, classification and 
taxonomy of the underlying nets in term of “topology” which simplifies the crystal structure into 
nodes connected by linkers or spacer according to “node and spacer” principle that is firstly 
presented by A. F. Wells52 and further elucidated by Robson.53 The topological analysis of the 
network connectivity can be achieved by TOPOS program54,55 which identifies if the analyzed net 
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has the same topology of one of the archived nets in its database. The reticular chemistry structure 
resource (RCSR) database56 assigns the nets with the same topology unique 3-letter codes in order 
to distinguish between the nets of different connectivity. These network topologies can be further 
classified by their number of vertices into uninodal nets with one kind of vertex as exemplified 
by 3-connected (srs,57,58 ths59,60), 4-c (dia,61,62 nbo63,64), 6-c (pcu,22,23,60,65 acs66), 8-c (bcu67-69) 
and 12- (fcu70,71) nodes, binodal nets with two vertices as exemplified by 3,4-c (tbo,21,72,73 
pto73,74), 4,4-c pts,75,76 3,6-c qom77 and 3,24-c rht13,30,78, and so on. All of these network 
topologies are well-known and robust enough to serve as blueprints for the generation of families 
or platforms that allow the systematic control over structures (pore size and/or the pore 
functionality) and properties (function) as their structures can be sustained by numerous nodes and 
linkers. Herein, we present a new class of MOMs with a new topology based on hitherto unreported 
uninodal 6-connected networks; mmo topology networks.79 
 
Square Grid Coordination Polymers 
In these networks the metal cation has octahedral geometry with four ligands at the 
equatorial positions and two counter anions or water molecules at the axial positions, this is based 
upon the well-known [M(pyridine)4X2] moieties which can serve as MBBs in which the metal 
nodes are connected by 4 bipyridine-type linkers to afford the cationic square grid sheets that can 
be balanced by counter anions (X) that lie in their nanoscale cavities.80 [Zn(bipy)2(H2O)2]nSiF6 
(bipy = 4,4’-bipyridine), was reported by Robson et al. in 199081 which represents the prototypal 
example of the square grid CPs where SiF6
2- (SIFSIX) anions lie in the cavities of the 2-fold 
interpenetrated nets. 
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In 1994, the first generation of non-interpenetrated square grid CPs was established by 
Fujita’s prototypal compound, [Cd(bipy)2(NO3)2]n, which presumably considered to be the first 
MOM used in the heterogeneous catalysis.82 Later on the Ni-analogue, [Ni(bipy)2(NO3)2]n, has 
been reported by Zaworotko et al., they explained the clay-like behavior in CPs by introducing 
different guest molecules to the square grid CP during the preparation.83 Fujita was demonstrated 
the control over the pore size of this platform through varying the linker length using the extended 
variant of 4,4’-bipyridine to prepare the expanded analogue of the square grid CPs with a pore 
dimension of up to 20 Å.84,85  These reports emphasized that this family or platform is highly 
modular and amenable for the systematic control over the pore size and functionality through the 
modifiaction of metal, linker and/or the counter anion.  
A new class of square grid CPs is introduced by Yaghi and co-workers in 2000, grounded 
on the metal paddlewheel MBBs, [M2(COO)4], connected by dicarboxylate linkers to form 
uncharged 2D square grids as exemplified by the prototypal structure, MOF-2, that is based upon 
Zn cation and 1,4-benzenedicarboxylate linker (BDC) and is considered as one of the earliest 
permanently porous MOMs.86 These two classes of the square grid CPs have unsaturated metal 
centers (UMCs) which thereby can be pillared in the third dimension to form 3D networks with 
pcu (primitive cubic) topology. However, the disparity of such neutral dicarboxylate-based square 
grid CPs from the cationic bipyridyl-based square grid CPs in the charge and the nature of MBBs 
will impact on their pillaring regime and thus effect on their physicochemical properties.  
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Figure 1.4. The two MBBs used for building the two classes of square grid CPs (a) metal paddlewheel, 
[M2(COO)4] and (b) octahedral metal cation, [M(bipy)4X2]. 
 
Pillared Square Grid CPs 
A rational crystal engineering pathway for developing the square grid CPs is the pillaring 
of their 2D sheets in order to form the 3D networks. The charge of the two classes of the square 
grid CPs is considered as a key role for directing their pillaring fashion. Therefore, the neutral 
dicarboxylate-based square grids can be pillared with neutral organic linkers such as 1,4-
diazabicyclo[2.2.2]octane (DABCO) and 4,4’-bipyridine as exemplified by the prototypal pillared 
square grid based on the paddlewheel MBBs, DMOF-1 ([Zn(BDC)2(DABCO)]). This class of 
materials is highly modular and the pore size and chemistry can be fine-tuned by changing the two 
organic linkers. Consequently the versatility of this platform spurred the research scientists to 
extensively study the gas sorption properties of theses MOMs however the presence of the 
saturated metal centers afford a weak interaction with the adsorbed gas as exemplified by the low 
uptake and selectivity at ambient conditions compared to MOMs with unsaturated metal centers 
(UMCs) which afford the benchmark materials in term of the capture and storage of industrially 
important gases such as CO2 and CH4. However MOMs with UMCs deplete a large amount of 
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energy for their activation and regeneration in addition to their strong affinity to water molecules 
which can compete with the other adsorbed gases of interest.  The bipyridine-based square grid 
CPs are cationic 2D sheets, thereby can be pillared with divalent anion pillars in the third 
dimension to form the 3D pcu topology networks. The commonly used divalent anions pillars are 
linear inorganic anions such as SiF6
2-. Therefore, this class of pillared square grid CPs can be 
designated as Organic-Inorganic Hybrid Materials which have advantageous properties over the 
aforementioned classes of MOFs (based upon exclusively organic linkers) due to the presence of 
the organic part (bipyridine-type organic linkers) which afford the control over the pore size and 
functionality together with the inorganic part (inorganic anion pillars) which afford favourable 
electrostatics that can potentially drive the gas uptake and selectivity in such a manner that is 
parallel to or even surpassing MOMs with UMCs. 
 
 
Figure 1.5. Crystal structures of (a) the prototypal carboxylate-based square grid CP, MOF-2, and (b) its 
pillared variant, DMOF-1. 
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Organic-Inorganic Hybrid Materials Based upon Pillared Square Grid CPs 
Pillared square grid CPs assembled by octahedral metal nodes (saturated metal centers, 
SMCs) and two linkers; the organic linker generates the cationic square grid sheets, [M(bipy)]2+, 
while the anionic inorganic linker (linear pillar) cross-links the cationic sheets to form 3D primitive 
cubic (pcu) nets (3-letter codes used herein are defined by the RCSR database56,87). The prototypal 
pillared square grid sheet, [Zn(bipy)2(SiF6)], (bipy= 4,4’-bipyridine), was reported in 1995 by 
Zaworotko et al.,88  that contains SMCs and exhibits pcu topology where SiF6
2- anions serve as 
linear pillar . Its Cu analogue [Cu(bipy)2(SiF6)]n,
89 was subsequently found to display relatively 
high CH4 uptake (6.5 mmol/g at 298 K and 36 atm).  
 
 
Figure 1.6. Crystal structures of (a) the prototypal bipyridine-based square grid CP, [Zn(bipy)2(H2O)2]n 
SiF6, and (b) its pillared variant, [Zn(bipy)2SiF6]. 
 
Therefore, this family of materials represents the ideal platform for the systematic control 
of pore size since the bipy linkers can be expanded (e.g., 1,4-bis(4-pyridyl)benzene)90 or contracted 
  
10 
 
(e.g., pyrazine)91 quite readily. In 2002 Kitagawa introduced a new strategy to further modulate 
this platform using the anionic pillar modification through the substitution of SiF6
2- by GeF6
2-, 
NO3
-, and PF6
-; this affords a new route for the systematic control over the pore chemistry of this 
platform.92 The use of the organic linker to control the pore size from ultramicroporous to 
mesoporous dimensions and the inorganic anions to provide favourable electrostatic to strongly 
bind with certain adsorbate over the other, affords a new class of MOMs called Organic-Inorganic 
Hybrid Materials (OIHMs) that have the advantages of the presence of the organic and inorganic 
parts (can be varied in three positions; metal, organic linker and inorganic pillar). Simply put, this 
class is considered as a hybrid version of MOFs, which are based upon exclusively inorganic 
ligands and zeolites which are purely inorganic therefore OIHMs were found to possess the unique 
properties of both classes: the robustness and high stability of zeolites and the high modularity and 
the controllable pore size and functionality of MOFs.  In this context, Hosseini et al. demonstrated 
the control of pore size in these nets either by changing the linker length90 or by controlling over 
the interpenetration93. However this family of CPs remained relatively unexplored in the context 
of gas sorption until recently, presumably because their SMCs appeared to be weak enough to 
afford low gas uptake and/or selectivity. Most recently, a series of reports79,94-97 reveal that the 
exploitation of inorganic anions in the design of CPs with SMCs, organic-inorganic hybrid 
materials, can afford a strong affinity towards CO2 that outperform the other classes of MOMs 
based upon only organic linkers including that have unsaturated metal centres (UMCs)98 and the 
amine grafted MOMs.38,99,100  
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Scheme 1.1. Diversity of the bipyridyl-based linkers used for the formation of square grid CPs and their 
pillared variants: (1) pyrazine, (2) 4,4'-bipyridine, (3) 4,4'-azo-bis(pyridine), (4) 1,2-bis(4-pyridyl)ethene, 
(5) 1,2-bis(4-pyridyl)ethane, (6) 1,2-di(pyridine-4-yl)ethane-1,2-diol, (7) 3-[(trimethylsilyl)ethynyl]-4-[2-
(4-pyridinyl)ethenyl]pyridine, (8) 1,2-bis(4-pyridyl)ethyne, (9) 1,4-bis(4-pyridyl)benzene, (10) 3,6-
di(pyridin-4-yl)-1,2,4,5-tetrazine, (11) 4-(9-(pyridin-4-yl)anthracen-10-yl)pyridine, (12) 4,4'-bis(4-
pyridyl)biphenyl, (13) N,N'-bis(4-pyridyl)pyromellitic diimide, (14) N,N'-di(pyridyl)-1,4,5,8-
naphthalenetetracarboxydiimide. 
 
 
Organic-Inorganic Hybrid Materials Based upon Oxyanions as Linker 
Oxyanions (e.g. MnO4
1-, IO4
1-, CrO4
2-, MoO4
2-, WO4
2-, FeO4
2-, MnO4
2-, SO4
2-, TiO4
2-, 
SeO4
2-, Cr2O7
2-, Mo2O7
2-, PO4
3-, VO4
3-, AsO4
3-, PO3
3-, BO3
3-, AsO3
3-) are rarely encountered in 
coordination chemistry, in general, and porous materials science, in particular. Additionally, the 
use of the oxyanions as inorganic angular linkers to pillar square grid networks in angular fashion 
remains unexplored compared to linear linkers.101-103 Until very recently the reported structures 
inclined to the exploitation of SO4
-2 as inorganic angular linker as first shown by the prototypal 
structure of Zubieta in 1998.104 Other structures based on oxyanions have been reported using the 
dichromate anions as pillars where the Cr2O7
-2 pillared the square grid sheets [M(bp)2]
+2 (M= Cu, 
Ni, Co, Mn; bp= 4,4’-bipyridyl) to form 3D interpenetrated pcu nets.105,106 
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Figure 1.7. The 6-connected node of the interpenetrated pcu nets, [M(bp)2Cr2O7], based on the Cr2O7-2 as 
pillar. 
 
 
Conversely, the other inorganic angular linkers such as CrO4
-2, MoO4
-2 or WO4
-2 are 
completely unexplored, not only in term of pillaring the square grid but also in the coordination 
polymer in general as there are just three reports concerning MoO4
-2 acting as a linker107-109 
whereas there are no examples reported for CrO4
-2 and there are very few reports in which the 
WO4
-2 anions serve as linkers.110-114 In this context, we have anticipated new porous organic-
inorganic hybrid materials79,97 based upon the pillaring of the square grid (4-connected SMC nodes 
(Co or Ni) and linear bipy-type linkers) using oxyanion inorganic pillars; CrO4
-2, MoO4
-2 or WO4
-
2 which afford novel self-catenated 6-connected uninodal mmo topology nets. The tetrahedral 
M’O4 pillars play a key role in directing the topology as they pillar the square grids in angular 
fashion (1120) resulting in self-catenation of square grid nets and a helix of alternating 6-c SMCs 
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and M’O4 pillars along [001]. To the best of our knowledge, these nets represent the first examples 
of 6-connected 48.67 topology nets and the symbol mmo has been assigned by RCSR.56,87 
Furthermore, we will introduce the effect of modulation of the pore chemistry, synergistically 
consolidated with the optimization of pore size on the adsorption and separation of low and trace 
amounts of CO2 and the xenon adsorption and separation from Xe/Kr mixtures in mmo topology 
nets. 
 
Scheme 1.2. Self-assembly of octahedral metal centers (red), M′O42− moieties (green), and bpe ligands 
affords chiral helices of metal centers and M′O42− moieties cross-linked by bpe linkers, thereby affording a 
6-c mmo net. 
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CHAPTER TWO: 
Highly Selective CO2 Uptake in Uninodal 6-Connected “mmo” Nets based upon MO42- (M = Cr, 
Mo) Pillars  
 
Note to Reader 
Portions of this chapter have been previously published: Mohamed, M. H.; Elsaidi, S. K.; 
Wojtas, L.; Pham, T.; Forrest, K. A.; Tudor, B.; Space, B.; Zaworotko, M. Journal of the American 
Chemical Society 2012, 134, 19556 and have been reproduced with permission of the American 
Chemical Society. 
 
Introduction 
Metal organic materials (MOMs) are typically comprised from metal ions or metal clusters 
with 3 or more points of connection (nodes) and organic ligands or metal clusters that serve as 
linkers.1 MOMs have emerged as a class of porous materials with great potential for a wide range 
of applications, including gas storage,2 heterogeneous catalysis,3 drug delivery,4 magnetism5 and 
conductivity.6 The drive behind the development of MOMs is their well-defined crystal structure, 
extraordinary surface area and their modular nature, which makes for tunable pore dimensions and 
surface functionality.7 
In this contribution we report a new variant of a well-established crystal engineering8 
approach to building porous MOMs: pillaring of [M(bpy)2] (bpy = 4,4’-pyridine) square grids9 
with inorganic anions.10 The prototypal nets contain saturated metal centers (SMCs) and exhibit 
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pcu topology when anions such as SiF62- and PF6- serve as linear linkers.10a,b,11 They represent 
ideal platforms to test the effect of pore size upon gas sorption behavior since the bpy linkers can 
be expanded (e.g. 1,4-bis(4-pyridyl)benzene)12 or contracted (e.g. pyrazine)13 quite readily. Such 
an approach allows for systematic control of pore size to optimize interactions between the 
framework and the adsorbent in order to enhance selectivity and/or gas uptake. Other strategies 
for enhancement of sorbent/sorbate interactions such as unsaturated metal centers (UMCs),14 basic 
nitrogen atoms,15 alkylamine,16 amide groups,17 or ion-exchange18 have been reported. We herein 
describe a new platform based upon pillaring of [M(bpe)2] square grids by angular MoO42- or 
CrO42- pillars (scheme 2.1). Such pillars are underexplored in MOMs. Indeed, there are just three 
reports concerning MoO4-2 acting as a linker19 whereas there are no examples reported for CrO4-2.  
[M(bpe)2(M’O4)] (M= Co, Ni; M’ = Mo, Cr), have been synthesized, structurally characterized 
and evaluated in terms of their sorption behavior with respect to three industrially important gases 
CO2, CH4 and N2.  
Structures 
[M(bpe)2(M’O4)] (M= Co, Ni; M’ = Mo, Cr) were synthesized at room temperature (see 
Appendix A) by dissolving CoCl2 (or NiCl2) and Na2MoO4 (or K2CrO7) in water and layering the 
resulting solution under bpe in water/acetonitrile. Single crystals of [Co(bpe)2MoO4] 
(MOOFOUR-1-Co), [Ni(bpe)2MoO4] (MOOFOUR-1-Ni) [Co(bpe)2CrO4] (CROFOUR-1-Co) 
and [Ni(bpe)2CrO4] (CROFOUR-1-Ni) were thereby afforded. Crystal structures were determined 
by single crystal X-ray diffraction (see Appendix A) which revealed that all four compounds 
crystallize in the chiral space group R32 with one formula unit per unit cell. The six-coordinated 
metal centers serve as 6-connected nodes and only two of the 4 oxygen atoms of each M’O4 linker 
are coordinated; the remaining oxygen atoms are oriented towards the interior of one dimensional 
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channels along [001] (Figure 2.1). To our knowledge, these nets represent the first examples of 6-
connected 48.67 topology nets20 and the symbol mmo has been assigned by RCSR21 (Figure 2.2). 
The tetrahedral M’O4 pillars play a key role in directing the mmo topology as they pillar the square 
grids in angular fashion (112°) resulting in self-catenation1d,22 of square grid nets and a helix of 
alternating 6-c SMCs and M’O4 pillars along [001] (scheme 2.1).  This platform represents a new 
heterometallic class of MOMs that complements an approach based upon heterometallic clusters.23  
The 6-connected SMCs show octahedral geometry with 4 equatorial bpe ligands (blue) and 
2 axial M’O4 pillars (red) where M-N= 2.105(4) Å– 2.117 (2) Å, M-O= 2.028 (1) Å- 2.046 (3) Å 
and O-M’-O= 109° (see Scheme 2.2). There are two types of pores in these structures; one is 
mainly decorated with the functionality of organic linker (bpe) while the other one is decorated by 
the inorganic (M’O4) and organic (bpe) linkers. The pillaring fashion of oxyanions such as MoO42- 
or CrO42- through only two oxygen atoms makes one of the triangular-like pores of the 
aforementioned mmo topology networks decorated with 6 oxygen atoms, 2 from each M’O4 
moiety. The pore size of the resulted mmo topology nets is basically depended on the arms of the 
triangle which is initially formed by the organic bpe ligands. 
 
Scheme 2.1. Self-assembly of octahedral metal centers (red), M’O42- moieties (green) and bpe ligands 
affords chiral helices of metal centers and M’O42- moieties cross-linked by bpe linkers, thereby affording a  
6-c mmo net.  
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Scheme 2.2. Schematic representation of the 6-connected node in the mmo topology net. 
 
 
Scheme 2.3. Schematic representation of the pillaring fashion of the two square grid sheets using the 
angular oxyanion pillar.  
 
 
Scheme 2.4. Schematic representation of the self-catenation in mmo net.  
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Figure 2.1. The single crystal x-ray structure of MOOFOUR-1-Ni viewed along [001], H atoms omitted 
for clarity (left). View of the cavity of MOOFOUR-1-Ni (right). 
 
We addressed the stability of MOOFOUR-1-Ni and CROFOUR-1-Ni. As prepared samples retain 
crystallinity even when immersed in water for months, boiling water for one day and 0.1 M of NaOH for a 
week (see Appendix A). Samples also retain their porosity after activation and being exposed to the 
atmosphere.  
 
Gas Adsorption Properties 
The affinity of anions such as SiF62- and PF6- towards CO224,25 prompted us to evaluate the 
gas sorption properties of MOOFOUR-1-Ni and CROFOUR-1-Ni. Permanent porosity was 
confirmed via CO2 adsorption measurements at 195 K and Langmuir surface areas of 456m2/g and 
505m2/g were determined for MOOFOUR-1-Ni and CROFOUR-1-Ni, respectively (see Appendix 
A). CO2, CH4 and N2 adsorption isotherms were measured at 298 K and reveal high affinity 
towards CO2 as exemplified by the steep CO2 uptakes in the low pressure regions compared to CH4 
and N2 (Figure 2.3). The CO2 uptake of MOOFOUR-1-Ni at 1 atm is 55 cm3/g whereas that of 
CROFOUR-1-Ni is 43 cm3/g. The CH4 and N2 uptakes for MOOFOUR-1-Ni and CROFOUR-1-
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Ni are 11.5 cm3/g, 4.5 cm3/g and 13 cm3/g, 4 cm3/g, respectively. Interestingly, both MOOFOUR-
1-Ni and CROFOUR-1-Ni exhibit high selectivity for CO2 over CH4 and N2 that outperforms even 
most MOMs with UMCs. Further, MOOFOUR-1-Ni exhibits higher CO2 selectivity and uptake 
than CROFOUR-1-Ni, which, given that this is an “apple v. apple” comparison, suggests that 
MoO42- exhibits a stronger binding affinity for CO2 than CrO42-. 
 
 
Figure 2.2. (a) Topological representation of the new uninodal mmo topology nets reported herein. (b) Schematic 
representation of the three self-catenated square grids (red, blue and yellow) connected with M’O4-2 pillars (green).  
 
In order to rationalize these observations, the isosteric heat of adsorption (Qst) of CO2 for 
both structures was calculated using adsorption data at 273 and 298 K according to the virial 
equation. Figure 4 reveals that the Qst of MOOFOUR-1-Ni is at least 5 kJ/mol > CROFOUR-1-Ni 
across all loadings. The Qst values of MOOFOUR-1-Ni and CROFOUR-1-Ni are ~56 and ~50 
kJ/mol, respectively, at zero loading although they decrease to ~33 and ~27 kJ/mol, respectively, 
at 1 atm. To put this in perspective, both compounds exhibit higher Qst values at low loading than 
MOMs with UMCs such as HKUST-1,26 MIL-53 (Al),27 Mg-MOF-74,28 Co-MOF-7428 and Ni-
MOF-7428 which exhibit values of 30, 35, 47, 37, 41 kJ/mol, respectively. They also surpass NaY29 
(36 kJ/mol), zeolite 13X30 (40 kJ/mol) and a number of MOFs with amine-group ligands (35–45 
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kJ/mol).31,32 A value of 45 kJ/mol has been reported for a MOM in which phosphonate monoester 
linkers afforded confined space.33 
 
Figure 2.3. Reversible single component gas adsorption isotherms for MOOFOUR-1-Ni and 
CROOFOUR-1-Ni measured at 298K.  
 
 
Figure 2.4. CO2 isosteric heats of adsorption (Qst) of CROFOUR-1-Ni and MOOFOUR-1-Ni. 
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Qst values of >40 kJ/mol would be expected to afford high selectivity for CO2 vs. CH4 and 
N2. CO2/CH4 molar selectivity for a 50:50 mixture was calculated by IAST to be 182 and 170 for 
MOOFOUR-1-Ni and CROFOUR-1-Ni, respectively, at zero loading. The corresponding values 
at 1 atm were found to be 40 and 25. The CO2/N2 selectivity for a 10:90 mixture, which represents 
a typical composition for flue gas from power plants, was 1820 and 1240 for MOOFOUR-1-Ni 
and CROFOUR-1-Ni, respectively, at zero loading. These values decrease to 86 and 195 at 1 atm 
(see Appendix A). Whereas there are MOMs that exhibit a higher uptake capacity for CO2, we are 
unaware of any that exhibit such high selectivity at low loading. We also calculated the CO2/N2 
gravimetric selectivity in the context of post-combustion CO2 capture by determining wt% at 0.15 
bar and 0.75 bar for CO2 and N2, respectively, at ambient temperature.2c The wt% of CO2 at 0.15 
bar in MOOFOUR-1-Ni and CROOFOUR-1-Ni was 5.2 % and 4.6 %, respectively, whereas for 
N2 at 0.75 bar values were found to be 0.39 %.and 0.37 %, respectively. Therefore, the selectivity 
of CO2 over N2 in MOOFOUR-1-Ni and CROOFOUR-1-Ni under these conditions was found to 
be 67 and 62. These values exceed those of most MOMs that contain UMCs including Mg-MOF-
74(44 at 303 k)34 and amine grafted MOMs.16a 
 
Computational Study 
The high affinity and selectivity towards CO2 exhibited by MOOFOUR-1-Ni and 
CROFOUR-1-Ni was addressed through molecular simulations involving explicit polarization for 
CO2 adsorption in CROFOUR-1-Ni and MOOFOUR-1-Ni to identify the most favorable sorption 
sites. Similar assessments have been performed for H2 adsorption in MOMs.35,36 Examination of 
the distribution of induced dipoles for CO2 molecules in CROFOUR-1-Ni and MOOFOUR-1-Ni 
revealed two distinct regions of occupancy inside the MOMs. Figure 5 presents a plot of the CO2 
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dipole magnitudes against the normalized CO2 population in both compounds. In MOOFOUR-1-
Ni, the peak from 0.60 D to 0.70 D corresponds to the primary sorption site that is located within 
the region where three pairs of terminal oxygen atoms extend from their respective metal ions. 
This is the energetically favorable site that the CO2 molecules bind to upon initial loading. The 
primary sorption site for CROFOUR-1-Ni is similar, although the magnitudes of the dipoles are 
slightly lower, ranging from 0.55 D to 0.65 D. 
 
Figure 2.5. Normalized CO2 dipole distribution in CROFOUR-1-Ni (blue) and MOOFOUR-1-Ni (red) at 
298 K and 0.10 atm produced from simulation. The three dimensional histograms showing the primary and 
secondary sites of CO2 sorption (blue) are presented. Atom colors: C = green; H = white; O = red; black = 
Cr or Mo. 
 
The simulations therefore indicate that MOOFOUR-1-Ni induces higher dipoles on the 
CO2 molecules upon adsorption, presumably due to the higher polarizability of MoVI cations. In 
addition, a larger peak is seen for MOOFOUR-1-Ni relative to CROFOUR-1-Ni indicating higher 
occupancy of CO2 molecules onto this primary sorption site. For both compounds, a peak from 
0.05 D to 0.20 D is observed and this correlates to a secondary sorption site located within the 
channel next to the primary sorption site. Specifically, CO2 molecules bind to the region where 
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two different terminal oxygen atoms from their respective ions form an apex within the channel. 
The geometries of the adsorbed carbon dioxide molecules (sites I and II) with respect to the 
MOOFOUR-1-Ni host structure are shown in Appendix A. 
Conclusions 
In conclusion, we have synthesized a new class of porous MOM platforms based upon 
SMCs and MoO4
2- or CrO4
2- as inorganic anion pillars. They exhibit a novel 6-c uninodal topology, 
mmo, that facilitates evaluation of MoO4
2- and CrO4
2- in terms of their effect upon gas sorption. 
MOOFOUR-1-Ni and CROFOUR-1-Ni were found to exhibit exceptional Qst and highly selective 
adsorption for CO2 over N2 and CH4 and we ascribe this behavior to strong quadrupole-quadrupole 
interactions between CO2 and MoO4
2- (MOOFOUR-1-Ni) and CrO4
2- (CROFOUR-1-Ni) binding 
sites. These inexpensive, facile to synthesize and robust CO2 adsorbents outperform many other 
MOMs, even these with UMCs or amine functionalized MOMs. Future work will focus upon 
systematic evaluation of the effect of pore size control on the adsorption behavior of MoO4
2- and 
CrO4
2- based mmo topology MOMs. We will also address the use of other inorganic anions as 
linkers/pillars in order to evaluate their effect upon gas adsorption. 
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CHAPTER THREE: 
Pillar Substitution Modulates CO2 Affinity in “mmo” Topology Networks 
 
Note to Reader 
Portions of this chapter have been previously published: Mohamed, M. H.; Elsaidi, S. K.; 
Pham, T.; Forrest, K. A.; Tudor, B.; Wojtas, L.; Space, B.; Zaworotko, M. J. Chemical 
Communications 2013, 49, 9809 and have been reproduced with permission of the Royal Society 
of Chemistry. 
 
Introduction 
Reducing anthropogenic emission of CO2 represents a challenge of societal relevance 
because of the rapid increase in atmospheric CO2 concentration that has occurred since pre-
industrial times.1 Flue gases from fossil fuel-fired power plants typically comprise 3-16% CO2 by 
volume at ambient conditions and conventional CO2 capture technology, which involves 
chemisorption via amine scrubbers, invokes large energy penalties (25-40%) to regenerate the 
sorbent material accompanied by solvent loss and corrosion issues.2,3  A variety of competing 
technologies, including membrane separation, chemisorption with other solvents and fuel cells are 
being evaluated for their performance in sequestering CO2 from flue gases.
4 Porous metal organic 
materials (MOMs) have emerged as particularly promising adsorbent materials for this purpose 
thanks to their fine-tuneable structures,5,6 extraordinary surface area7-9 and modular pore 
functionality.10-12 In short, MOMs are amenable to crystal engineering13,14 and can be designed 
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from first principles in order to control pore size and chemistry. However, designing MOMs with 
exceptional high selectivity and affinity toward CO2 remains a challenge since MOMs not only 
adsorb CO2 but also other gases such as CH4, N2, H2, O2 and, especially, H2O.
3,15 In this context, 
MOMs with unsaturated metal centres (UMCs) or amine functionalized frameworks can exhibit 
high selectivity toward CO2 vs. most other gases as they interact with CO2 by chemisorption. 
MgDOBDC16 is a benchmark MOM in terms of its high CO2 uptake (35.2 wt%) and CO2 heat of 
adsorption (Qst) (-47 kJ/mol) at 298 K and 1 atm. However, these MOMs have many drawbacks 
such as high energy costs for activation, regeneration and recycling of the sorbent material and 
they invariably bind more strongly with H2O than CO2.
17 In contrast, MOMs with saturated metal 
centres (SMCs) tend to rely upon weaker interactions which leads to low CO2 uptake and 
selectivity at ambient condition as exemplified by ZIFs18 (zeolitic imidazolate frameworks). An 
alternative approach involves the use of organic linkers to control pore size and inorganic anions 
to use strong electrostatics to bind CO2. Square grid nets with SMCs pillared in linear fashion by 
inorganic anions19-21 (primitive cubic or pcu nets as defined by RCSR nomenclature22) have been 
known for almost two decades23,24 but only recently it has been realized that they offer benchmark 
performance in terms of CO2 selectivity even in the presence of moisture.
25,26 We recently reported 
a new class27 of pillared square grid by using angular pillars such as CrO4
-2 and MoO4
-2. Four 
isostructural nets of formula [M(bpe)2M’O4] (M=Co or Ni; bpe=1,2-(4-pyridyl)ethene; M’O4= 
CrO4
-2 or MoO4
-2) represent the first examples of 6-c 48.67 topology nets28  and the symbol mmo 
was assigned by RCSR.22 The prototypal mmo nets were found to exhibit high CO2 affinity and 
selectivity, especially at low partial pressures. This behaviour was attributed to a strong CO2 
primary binding site with high isosteric heats of adsorption (Qst) in MOOFOUR-1-Ni and 
CROFOUR-1-Ni of -56 and -50 kJ/mol, respectively, at zero loading. These values are comparable 
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to the best performing MOMs with UMCs or tethered amines. These observations prompted us to 
evaluate the effect of other angular pillars and herein we reported the first use of WO4
-2 anions in 
mmo nets and the resulting effect upon CO2 affinity and selectivity. Notably, the use of tungstate 
anions as pillars is unexplored in MOMs and there are very few structural reports in which 
tungstate serves as a linker.29-33 
 
Structures 
 
 
Figure 3.1. Single crystal X-ray structure of WOFOUR-1-Ni along [001] (left). View of the cavity 
in WOFOUR-1-Ni along [001] (right). H atoms omitted for clarity.  
 
[M(bpe)2WO4] (M= Co, Ni), WOFOUR-1-Co and WOFOUR-1-Ni, were synthesized at 
room temperature by dissolving CoCl2 (or NiCl2) and Na2WO4 in water and carefully layered the 
resulting solution under bpe in water/acetonitrile (see Appendix B). Single crystal X-ray 
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diffraction reveals that WOFOUR-1-Ni and WOFOUR-1-Co are isostructural to their previously 
reported chromate and molybdate analogues,27 crystalising in chiral space group R32 with one 
formula unit per unit cell and almost identical cell parameters (see Figure 3.1 and SI for full 
details).  The SMCs serve as 6-connected nodes through 4 equatorial bpe linkers (M–N = 2.116(4) 
Å- 2.180(6) Å) and 2 axial WO4
-2 linkers (M–O = 2.036(3) Å- 2.038(3) Å).  Each WO4-2 anion 
coordinates through only 2 oxygen atoms and the other 2 oxygen atoms are oriented towards the 
interior of 1D channels along the c axis (Figure 3.1). The SMCs and bpe linkers in WOFOUR-1-
M form square grid sheets parallel to the ab plane which self-catenate because of the angular nature 
of the pillar (Figure B1 in Appendix B). WOFOUR-1-Ni exhibits a robust structure as evidenced 
by retention of the crystal structure when immersed in water for months, in boiling water for 20 
days, in 0.1 M NaOH for a week or in 0.01 M HCl for a day. Variable temperature PXRD patterns 
collected from 25oC to 300oC indicate that the structure of WOFOUR-1-Ni is thermally stable up 
to 205oC but that it gradually decomposes to result in bpe above 225 oC (see Appendix B for full 
details concerning stability). WOFOUR-1-Cr was not found to as thermally stable as WOFOUR-
1-Ni so we focused a series of sorption studies upon the latter.  
  
Gas Adsorption Properties 
The permanent porosity of WOFOUR-1-Ni was confirmed by CO2 adsorption 
measurements at 195 K that revealed a Langmuir surface area of 315 m2/g. Single component gas 
adsorption isotherms for CO2, CH4 and N2 were collected at 298 K from 0-1 atm (Figure 3.2). CO2 
uptake of WOFOUR-1-Ni at 1atm and 298K was observed to be 76 cm3/cm3 (51 cm3/g) whereas 
CH4 and N2 uptakes of 11.5 cm
3/g and 3.5 cm3/g were measured, respectively. High affinity 
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towards CO2 is suggested by the sharp increase in CO2 uptake in the low pressure region compared 
to CH4 and N2 (see Appendix B).  
The isosteric heat of adsorption (Qst) towards CO2 was calculated using adsorption data 
collected at 323 K, 313 K, 298 K, 283 K and 273 K according to the virial equation and. The Qst 
value of WOFOUR-1-Ni is -65.5 kJ/mol at zero loading, decreases to -29 kJ/mol and then increases 
again to -37 kJ/mol at 1 atm. Also the Qst values of WOFOUR-1-Ni have been calculated using 
dual-site Langmuir fitting using the data collected at 298K and 273K which showed a Qst value of 
-60 kJ/mol at zero loading then values decrease gradually to -29 kJ/mol at high loadings (see 
supporting information for more details). The Qst value at zero loading of WOFOUR-1-Ni is higher 
than that of CROFOUR-1-Ni (-50 kJ/mol) and MOOFOUR-1-Ni (-56 kJ/mol) and to our 
knowledge there are very few MOMs with Qst higher than WOFOUR-1-Ni (Table S2 in SI). We 
observed relatively low uptake for CH4 and N2 by WOFOUR-1-Ni at 298K and IAST calculated 
selectivity for 50:50 CO2:CH4 and 10:90 CO2:N2 mixtures were found to be 372 and 2158, 
respectively, at zero loading. The corresponding values at 1 atm were found to be 26 and 179, 
respectively. Whereas there are MOMs that exhibit higher uptake capacity for CO2,
12 there are a 
few MOMs that exhibit such high selectivity at low loading.25 Indeed, CO2/CH4 and CO2/N2 
selectivity at zero loading is calculated to be higher than that of CROFOUR-1-Ni and MOOFOUR-
1-Ni (CO2/CH4: 170 and 182; CO2/N2: 1240 and 1820, respectively). Further, the gravimetric 
selectivity of CO2 over N2 was calculated to be 69 (see Appendix B). Such selectivity is 
comparable to the best performing MOMs that contain UMCs including Mg-MOF-7434 and amine 
grafted MOMs.35 
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Figure 3.2. Single component CO2 sorption isotherms for CROFOUR-1-Ni, MOOFOUR-1-Ni and 
WOFOUR-1-Ni measured at 298 K.  
 
Computational Study 
The nature of the interactions between CO2 molecules and WOFOUR-1-Ni were 
investigated through molecular simulations that utilized explicit many-body polarization.36-39 A 
plot of the normalized CO2 population against the magnitudes of the induced dipoles on the CO2 
molecules in the MOM was produced from the simulations (Figure 3.4). This was used as an order 
parameter to determine favourable CO2 sorption sites as well as obtaining a quantitative measure 
of how well the MOM polarizes the CO2 molecules. The dipole distributions for CO2 molecules 
in CROFOUR-1-Ni and MOOFOUR-1-Ni, as determined in previous work,27 are also shown as a 
comparison. Additionally, the magnitudes of the induced dipoles on the CO2 molecules in 
WOFOUR-1-Ni were compared to those that were produced from the simulations in other MOMs 
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that show strong CO2 affinity (see Figure B20 in Appendix B). The sequence of the polarizabilities 
for the +6 cations of group 6 of the periodic table is W > Mo > Cr. This was verified by calculating 
the atomic point polarizabilities of the respective ions using a fitting procedure that was described 
previously.37-39 The higher polarizability of the W6+ ion causes the terminal oxygen atoms in 
WOFOUR-1-Ni to become more negatively charged compared to Cr6+ and Mo6+ in their 
corresponding structures. The CO2−O interaction is stronger with increasing negative charge on 
the terminal O atoms (see Appendix B for more details). Figure 3.4 reveals that the highest dipole 
magnitude peak corresponds to CO2 molecules that are sorbed onto the primary sorption site 
(Figure 3.3) where the carbon atom of a CO2 molecule can interact with six terminal oxygen atoms 
(two from each of three WOFOUR moieties) simultaneously. For WOFOUR-1-Ni, the magnitudes 
of the induced dipoles corresponding to this sorption site are remarkably higher relative to 
MOOFOUR-1-Ni and CROFOUR-1-Ni. This peak spans from about 0.75 to 0.95 D in WOFOUR-
1-Ni, whereas they range from 0.60 to 0.70 D and 0.55 to 0.65 D in MOOFOUR-1-Ni and 
CROFOUR-1-Ni, respectively. Thus, although the dipole moment of CO2 is 0 D in bulk, the highly 
polar environment provided by the primary sorption site in WOFOUR-1-Ni induces the CO2 
molecules to exhibit a dipole magnitude of close to 1.0 D. Moreover, the population within the 
primary sorption site is higher for WOFOUR-1-Ni than both MOOFOUR-1-Ni and CROFOUR-
1-Ni. It is of note that the effect of changing the pillar upon pore dimensions, especially between 
MOOFOUR-1-Ni and WOFOUR-1-Ni, is small. However, the pore dimensions also serve to 
optimize the dominant attractive van der Waals interactions in WOFOUR-1-Ni: the height of the 
triangle that is formed by the pillaring metals within the primary binding site is 6.68, 6.59, and 
6.57 Ǻ for CROFOUR-1-Ni, MOOFOUR-1-Ni, and WOFOUR-1-Ni, respectively; the sides of 
the triangle (the distance between the pillaring metals) are 7.71, 7.61, and 7.59 Ǻ, respectively. 
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Note, it can be seen that the volumetric CO2 uptake for WOFOUR-1-Ni is greater than that of 
MOOFOUR-1-Ni at pressures beyond 200 mmHg. However, when considering the gravimetric 
CO2 uptakes in these MOMs, it was revealed that WOFOUR-1-Ni has lower CO2 uptake than 
MOOFOUR-1-Ni across the entire low-pressure range. This is contrast to what was observed in 
preliminary grand canonical Monte Carlo (GCMC) simulation, as theoretical studies suggest the 
following pattern for the gravimetric CO2 uptakes across the pressure range considered: 
WOFOUR-1-Ni > MOOFOUR-1-Ni > CROFOUR-1-Ni. In experiment, it is expected that the 
high solvent-free density of WOFOUR-1-Ni limits gravimetric CO2 uptake in the material, which 
could explain the observed sorption behavior. GCMC simulations do not take into account the 
density of the MOM, which essentially acts as an external field in the MOM-sorbate system. 
 
Figure 3.3. Adsorbed CO2 molecule in WOFOUR-1-Ni showing a top view of the primary binding site 
(site1). 
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Figure 3.4. Normalized CO2 dipole distribution in WOFOUR-1-Ni compared to the chromate 
(CROFOUR-1-Ni) and molybdate (MOOFOUR-1-Ni) analogues, at 298 K and 0.1 atm. This 
simulation highlights the primary and secondary binding sites of CO2. 
 
Conclusions 
In summary, we previously demonstrated that porous mmo nets based upon SMCs 
and angular CrO4
2- or MoO4
2- anion pillars can exhibit exceptional carbon capture 
performance at low partial pressures of CO2. Herein we reveal that pillar substitution further 
enhances CO2/CH4 and CO2/N2 selectivity at 298 K. We attribute this behaviour to the 
higher polarizability of WO4
-2 anions when compared to that of CrO4
2-, MoO4
2-. This 
contribution therefore further supports the notion that certain inorganic anions can explo it 
favourable electrostatics to outperform porous materials that use UMCs and/or amine 
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groups to selectively bind CO2 at low loading that is relevant to post-combustion carbon 
capture. 
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CHAPTER FOUR: 
Optimization of the Pore Chemistry in mmo Topology Networks to Sharply Boost CO2 Selective 
Adsorption 
 
Introduction 
The necessity of carbon dioxide capture becomes of a critical interest due to the fact that 
CO2 is the most abundant greenhouse gas “77% of all global greenhouse gas emissions” that has 
a negative impact on the global climate. CO2 is produced predominantly from the combustion of 
fossil fuels such as oil, coal and natural gas which represents 74% of the global CO2 emission due 
to the main importance of the fossil fuel as energy source for transportation “accountable for 13% 
of all global CO2 emissions”, industry “19% of all global CO2 emissions” and production of 
electricity “26% of all global CO2 emissions”.1 The immenseness of the CO2 emission and its level 
in the atmosphere is expected to dramatically increase in the future due to the economic growth, 
fast industrial development and the advanced technologies.  However the CO2 capture from the 
power plants only is not sufficient to combat the tremendous growth of CO2 level in the 
atmosphere. Therefore, other approaches are tended to the direct capture of CO2 from air as 
feasible alternative route to diminish its percentage in the atmosphere.2,3 The removal of CO2 is 
not only limited to the reduction of its percentage from air to diminish its impact on the global 
warming but also the presence of trace CO2 in air can cause serious issues in some important 
industrial applications4,5 which need CO2-free air such as the cryogenic separation of oxygen and 
  
51 
 
nitrogen from air while the frozen CO2 causes a blockage of the heat exchange equipment during 
the liquefaction process, pressure swing adsorption for production of oxygen where the 
contamination of the adsorbent during this process takes place in the presence of trace amount of 
CO2 and likewise the ammonia production plants needs CO2-free air due to hazardous impact of 
CO2 on the catalyst poisoning.6-8 The state-of-the-art for the CO2 capture and separation including 
the utilization of amine-based aqueous solutions (e.g. alkyamines)9. However they have several 
hurdles, such as the large heat loss to regenerate the material (irreversible chemisorption), solvent 
loss, amine oxidative degradation and corrosion issues10,11. These facts surge the need for new 
relatively-cheap stable porous materials12 that can potentially efficiently capture the CO2 in higher 
amounts and with higher selectivity than the current technologies and with favourable 
thermodynamic and kinetic properties in order to attain the low-carbon dioxide future.  
Selective adsorption of CO2 is considered to be a promising method for CO2 capture and 
separation that can compete with the current technologies. Zeolites13-15 and activated carbons16 are 
the most frequently used recyclable energy-efficient porous solid materials for CO2 capture. 
However the activated carbons have low CO2 adsorption capacity while in case of Zeolites, their 
CO2 uptake and selectivity are highly affected by temperature and the humid conditions.17 Metal 
organic materials18-22 are promising CO2 capture technologies and have been extensively studied 
in terms of CO2 capture due to their structure modularity, extra-large surface area, tunable pore 
metrics (through expansion or contraction of the linker) and pore functionality (through decoration 
of the linker and/or metal). However, it is still challenging to optimize the performance of these 
materials in order to fulfil the requirements of CO2 capture and separations for practical 
applications. The science of crystal engineering23 affords a paradigm implementation in MOMs 
design for the purpose of CO2 capture through the development of plentiful design strategies for 
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enhancement of CO2/framework interaction as exemplified by the intensively studied strategies; 
MOMs with unsaturated metal centres (UMCs)24-26  or tethered amines11,27. Nevertheless, these 
MOMs have many limitations11,28 such as the low chemical stability, their strong tendency to 
interact with water more than CO2, especially for the UMCs-based MOMs and the high energy 
costs accompanied by their activation and recyclability, especially with amine grafted MOMs. In 
addition, the high cost of the synthesized materials escorted by the use of expensive linkers. Most 
of MOMs have been extensively explored in term of the high and low concentration CO2 capture 
at condition relevant to the CO2 capture from biogas, natural gas and flue gas,11,26,29-33 however, 
there are just a handful of researches have been focused on the trace carbon dioxide capture (below 
5%) due to the fact that most of MOMs exhibit very low uptake and selectivity at this such trace 
concentration of CO2. The design of these MOMs that targeting the CO2 capture from air were 
mostly relied on the grafting of amines on MOMs (chemisorption interaction) in order to achieve 
the optimum uptake and selectivity required for the direct air capture.34-36 Most recently, an 
unconventional crystal engineering approach involves the exploitation of inorganic anions as 
linkers in the design of MOMs with saturated metal centres (SMCs), affords favourable 
electrostatics in order to strongly bind with CO2 through physisorption interaction as exemplified 
by square grid nets pillared with SiF6-2 anions.  These materials showed unprecedented CO2 
adsorption performance relevant to CO2 capture from diluted gas streams.29,37 In this context, we 
report a highly robust porous mmo topology network with saturated metal centres connected by 
the angular chromate anions (CrO4-2). This material has optimized pore chemistry and therefore 
exhibits exceptional CO2 affinity and selectivity over nitrogen and methane at low partial pressures 
(low and trace concentrations of CO2) that is relevant to CO2 capture from flue gas (15:85 CO2/N2), 
  
53 
 
natural gas (5:95 CO2/CH4) and biogas (50:50 CO2/CH4) and most importantly direct trace CO2 
capture from air (0.04:99.96 CO2/N2). 
In pervious contributions, we reported a novel platform of formula [M(bpe)2M’O4] (M = 
Co or Ni; bpe = 1,2-bis(4-pyridyl)ethylene; M’O4 = CrO4-2, MoO4-2 or WO4-2) based upon pillaring 
the square grid sheets, [M(bpe)2], by angular pillars such as CrO4
-2, MoO4
-2 or WO4
-2 which 
represent the first examples of 48.67 topology nets and have been assigned the symbol mmo by the 
RCSR.38,39 The reported nets of this burgeoning highly modular class were found to exhibit high 
affinity and selectivity towards CO2 as exemplified by the high isosteric heats of adsorption of -
50, -56 and -65.5 kJ mol-1 at zero loading in CROUFOUR-1-Ni, MOOFOUR-1-Ni and WOFOUR-
1-Ni, respectively. This class is amenable for crystal engineering in such unique way that facilitates 
the control over the pore size and chemistry while their structures can be sustained by different 
metals, linkers and pillars. 
These results spurred us to further optimize the pore chemistry of this platform through 
modulating the chemistry of organic linker as a potential method to further enhance the 
CO2/framework interaction. Herein, we reported a new isostructure of mmo nets, CROFOUR-2-
Ni, with optimized pore chemistry whose structure modulation affects the CO2 affinity and 
selectivity. We displaced the C=C segment of the organic linker (1,2-bis(4-pyridyl)ethylene) in 
CROFOUR-1-Ni, [M(bpe)2CrO4], with N=N segment by using 4,4’-azopyridine as organic linker 
in CROFOUR-2-Ni. Our intention was to improve the pore chemistry to boost the affinity of the 
framework towards the CO2 sorbent by a synergetic efforts between N=N of the organic linker and 
the strong electrostatics of CrO4
-2 anions (inorganic linker) which are preferentially interact with 
CO2 gas according to our previously reported studies to be perfectly suited for trace CO2 capture 
from air. Indeed, several experimental studies have revealed that introducing the accessible basic-
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nitrogen sites into the pore walls of MOMs can vividly boost the affinity of the framework towards 
CO2.
40-42 Interestingly, the pore diameter of the CROFOUR-2-Ni was contracted compared to that 
of CROFOUR-1-Ni by a 0.3 Å, which can also impact the gas sorption performance in these 
MOMs. 
 
 
Scheme 4.1. An illustration of the different cages in mmo nets; CROFOUR-1-Ni and CROFOUR-
2-Ni. 
 
Results and Discussion 
Structure characterization of CROFOUR-2-Ni 
Single crystals of CROFOUR-2-Ni, [Ni(azp)2CrO4] (azp=4,4’-azopyridine), were 
synthesized at room temperature by dissolving 4,4’-azopyridine ligand in acetonitrile/water and 
carefully layering the resulting solution above a solution of NiCl2 and K2CrO4 in water. Single 
crystal X-ray diffraction reveals that CROFOUR-2-Ni is isostructural to its previously reported 
analogues, all crystalize in chiral space group R32 with one formula unit per unit cell (see 
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Appendix C for detailed characterization). The saturated metal centres (SMCs) are connected to 4 
organic linkers to form the 2D square grid sheets, which thereby pillared with CrO4
-2 anions 
through only 2 oxygen atoms while the other 2 oxygen atoms are directed towards the interior of 
the 1D channels along the c axis, thus form the uninodal 6-connected nodes with mmo topology 
in which the pillared square grid sheets form self-catenated 3-D structures as a result of the angular 
pillaring fashion of CrO4
-2 anions.  
We decided to investigate the effect of pore functionality on the chemical and physical 
properties of this MOM, in particularly the adsorption properties such as the uptake capacity, 
selectivity and the isosteric heat of adsorption. CROFOUR-2-Ni exhibits remarkable robustness 
as proved by the Powder X-ray diffraction (PXRD) which showed retention of crystal structure 
after immersing the as-synthesized crystals in water or boiling water for month, indeed it is stable 
in a wide range of pH (0.1 M NaOH or 0.01 M HCl for a week) (see Appendix C).  
The CO2 adsorption performance was investigated by collecting gas adsorption isotherms 
and for CO2, N2 and CH4, and further validated by single crystal X-ray diffraction collected for 
CROFOUR-2-Ni under stream of CO2 gas and the molecular simulation study. 
 
Gas Adsorption Properties  
To evaluate the porosity of this material, the as-synthesized crystals were exchanged with 
acetonitrile three times per day for 3 days. The solvent was removed under dynamic vacuum then 
the resulting solid was heated up at 100 0C for 12 h. Permanent porosity of CROFOUR-2-Ni was 
confirmed by the CO2 adsorption measurements at 195 K (see Appendix C) and the Langmuir 
surface area was found to be 475 m2/g. Single component adsorption isotherms of CO2, CH4 and 
N2 gases were collected at 298 K and the uptakes at 1 atm were found to be 83.1 cm3/cm3 (65.4 
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cm3/g), 13.7 cm3/cm3 (10.8 cm3/g) and 5.2 cm3/cm3 (4.2 cm3/g), respectively, which revealed 
remarkably improved CO2 affinity as exemplified by the sharp increase of CO2 uptakes at low 
pressure regions compared to N2 and CH4 (see Figure 4.2). Furthermore, the CO2 uptakes of the 
CROFOUR-2-Ni were found to be much steeper than the pristine structure, CROFOUR-1-Ni, 
along all loadings (see Figure 4.3), suggests that CROFOUR-2-Ni exhibits stronger CO2 
interaction and binding affinity than CROFOUR-1-Ni while CRFOUR-3-Ni showed 62% relative 
increase in the CO2 uptake at 1 bar and 298 K than the CROFOUR-1-Ni.   
 
 
Figure 4.1. Single component CO2 adsorption isotherms of CROFOUR-2-Ni collected at different 
temperatures. 
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Figure 4.2. Reversible single component gas adsorption isotherms of CROFOUR-2-Ni measured at 298 
K. 
 
 
Figure 4.3. Single component CO2 sorption isotherms for CROFOUR-2-Ni and CROFOUR-1-Ni 
measured at 298 K. 
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For better understanding of the ligand modification effect on the adsorption properties of 
these nets, the isosteric heats of adsorption (Qst) towards CO2 was calculated using the 
experimental CO2 isotherms collected at 298 K, 273 K and 256 K. The Qst values of CROFOUR-
2-Ni and its isostructure, CROFOUR-1-Ni, were found to be comparable at zero loading of -50 
kJ/mol, however at the moderate and high loadings the Qst values become different. In case of the 
CROFOUR-1-Ni, the Qst values gradually decreased to -27 at 1 atm however that of the 
CROFOUR-2-Ni is steady at -40 kJ/mol at wide pressure range with slight drop to -37 kJ/mol at 1 
atm. These values support that the mechanism of the CO2 adsorption in these MOMs is a fully 
reversible physisorption regime where the isosteric heats of reversible CO2 adsorption are found 
to be in the range of 30-50 kJ/mol as formerly reported in the literature.11,37,43 This further 
emphasizes the effect of the linker modification and thus the impact of tuning the pore chemistry 
and pore size on enhancement of the CO2 affinity.  
 
Figure 4.4. CO2 isosteric heat of adsorption (Qst) for CROFOUR-2-Ni and CROFOUR-1-Ni. 
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CO2-Containg Binary Gas Mixtures 
The binary gas mixture adsorption data (CO2/N2 and CO2/CH4) were predicted by the Ideal 
Adsorbed Solution Theory (IAST). We calculated the IAST selectivity for binary gas mixtures of 
50:50 CO2/CH4, 5:95 CO2/CH4, 10:90 CO2/N2 and 400 ppm CO2 in stream of N2 that are relevant 
to the mimic conditions of the CO2 capture from biogas (biogas treatment), natural gas (natural 
gas upgrading), flue gas (post-combustion) and air (air purification), respectively. The IAST 
selectivity were found to be 1409, 6342, 9420 and 43583 at zero loading, respectively and 83, 314, 
940 and 15500 at 1 bar, respectively. Certainly, CO2/CH4 and CO2/N2 selectivity at all loadings in 
CROFOUR-2-Ni were found to be much larger than the corresponding values for CROFOUR-1-
Ni (50:50 CO2/CH4: 170; 10:90 CO2/N2: 1240 at zero loading, respectively). MOMs with extra-
large surface area have prodigious performance in term of the gravimetric CO2 uptake at high 
pressure loadings. However, it is not necessarily descriptive to its high performance for CO2 
separation under practical conditions.  
Table 4.1 detailed the CO2 adsorption performance relevant to the direct CO2 capture from 
air for CROFOUR-2-Ni in comparison with the benchmark materials including Zeolite 13X, MOF-
74-Mg and the amine grafted materials (silica/MOFs). To the best of our knowledge, at the low 
partial pressures of CO2, CROFOUR-2-Ni outperforms most of the porous materials including 
MOFs,37,44 zeolites2 and amine-bearing silica45-48 in term of the CO2 selectivity over nitrogen 
relevant to direct CO2 removal from air. While most of the reported data for the CO2 capture from 
air is counting on the selective adsorption of CO2 using amine-grafted porous solids such as silica 
or MOFs with tethered amines. However, these materials showed the highest affinity and 
selectivity for CO2 at low partial pressures reported so far along the porous materials but they have 
well-reported drawbacks that prohibit their utilization in the practical applications due to the high 
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reactivity of amines to react with the other contaminants in the air such as NOx and SOx and the 
high cost accompanying with activation, regeneration and recycling of these materials (rely on 
chemisorption interaction with CO2).  
 
Figure 4.5. IAST calculated selectivity for 400 ppm CO2 in N2 stream based upon experimentally observed 
adsorption isotherms of the pure gases for CROFOUR-2-Ni. 
 
 
Figure 4.6. IAST calculated selectivity for a 15:85 CO2: N2 mixture based upon experimentally observed 
adsorption isotherms of the pure gases for CROFOUR-2-Ni. 
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Figure 4.7. IAST calculated selectivity for a 50:50 CO2: CH4 mixture based upon the experimentally 
observed adsorption isotherms of the pure gases for CROFOUR-2-Ni. 
 
 
Figure 4.8. IAST calculated selectivity for a 5:95 CO2: CH4 mixture based upon the experimentally 
observed adsorption isotherms of the pure gases for CROFOUR-2-Ni. 
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Table 4.1. Comparison of the CO2 adsorption parameters for the benchmark porous materials at relevant 
conditions to the direct CO2 capture from air. 
Materials Langmuir 
Surface area 
(m2/g) 
CO2 Qst 
(kJ/mol) 
CO2 Uptake at 
400 ppm at 298 
K 
CO2 Uptake at 
400 ppm at 328 
K 
Selectivity of 
CO2/N2 for  400 
ppm CO2 in a 
stream of N2 at 1 
bar 
TRI-PE-MCM-
41*47 
367 92 1¶ NR NR 
Zeolite 13X#2 710 44 0.02¶ NR 166 
SIFSIX-2-Cu-i#37 821 32 0.068¶/1.87 Negligible NR 
MOF-74-Mg*44,49 1510 47 0.16¶/3.30 NR 401 
SIFSIX-3-Zn#37 250 45 0.13¶/5.6 0.029¶/1.01 7259 
CROFOUR-2-Ni# 475 50 0.49¶/13.94 0.18¶/5.12 15500 
PPN-6-
CH2DETA*49 
NR 54 1¶ NR 3.8×1010 
SIFSIX-3-Cu#37 300 54 1.24¶/43.88 0.24¶/8.49 10500 
Mg-MOF-74-
ED*34 
469 NR 1.5¶ NR NR 
Mg-dobpdc-
mmen*36 
NR 70 2¶/47.94 0.12¶/2.88 49000 
# Physisorption interaction          * Chemisorption interaction        
¶ mmol/g                                      cm3 (STP)/cm3 
NR= not reported 
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Single crystal X-ray diffraction for CO2 at CROFOUR-2-Ni 
 
Figure 4.9.  (a) The [001] and (b) [100] view of the cavity in CROFOUR-2-Ni showing the CO2 molecule 
positions at the primary binding site determined through X-ray crystallography. Atom colors: C = gray, N 
= blue, O = red, Cr = brown, Ni = green. H atoms were omitted for clarity. 
 
The experiment was started by collecting a TGA for the as-synthesized sample which 
showed weight loss till 200° and decomposition beyond that. Based upon the TGA analysis, as-
synthesized crystals were activated at 170° for 6-7 hours under dynamic vacuum. A structure was 
collected after choosing a nice single crystal post activation process. This activated structure 
showed no Q-peak with intensity greater than 0.85 and the squeeze count for this structure was 10 
electrons per asymmetric unit which can be assumed equivalent to one water molecule per 
asymmetric unit inside the channels. 
A single crystal was glued on a fibre and then inserted inside a Lindeman capillary to do 
the gas cell work. This crystal was again heated at 170° under dynamic vacuum for 6-7 hours then 
the crystal was pressurized with 1 bar CO2 for 1 week to equilibrate. After a week, single crystal 
data showed a CO2 molecule inside channels. The occupancy was low but the bond lengths and 
thermal parameters were reasonably good. 
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This experiment is being repeated by mounting a crystal from the ASAP gas analyser inside 
a capillary and then recollecting the structures at 1 bar, 10 bar and 50 bar CO2 pressures to improve 
the occupancy. 
The electrostatic environment around the CO2 molecule in this new structure shows that 
the oxygen atoms in the vicinity are pointing toward the carbon of the CO2 molecule and the 
hydrogens of the pyridyl rings are pointing towards the oxygen of the CO2 molecule. The position 
of the CO2 molecule at the primary binding site in CROFOUR-2-Ni as determined using X-ray 
crystallography was found to be in very good agreement with a thermal distribution of positions 
that were determined using molecular simulation (see Appendix C). 
 
Molecular Simulation Study 
Insights into the nature of the CO2 binding sites in CROFOUR-2-Ni were gained from 
molecular simulations (see Appendix C for details). In accordance with single crystal X-ray 
diffraction data, the primary binding site was discovered to be located in the first cage of the MOM, 
where the carbon atom of the CO2 molecule interacts with the oxygen atoms of three different 
CrO42– groups simultaneously (Figure C16a). This is a highly favorable adsorption site for CO2 
that can be observed in all mmo compounds.38,39 The high zero-coverage CO2 Qst for these MOMs 
can be attributed to this binding site. Molecular simulations revealed that there is higher occupancy 
of CO2 molecules adsorbed at this site in CROFOUR-2-Ni compared to the analogous site in 
CROFOUR-1-Ni (Figure C15). This is because utilization of azp instead of bpe as the organic 
ligand causes the pore size at the primary site to decrease by approximately 0.30 Å; the contracted 
pore size in the case of CROFOUR-2-Ni results in the CO2 molecules interacting more favorably 
at this site.  
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The secondary binding site corresponds to adsorption within the same cage as the first 
binding site. Specifically, the carbon atom of the CO2 molecules can interact strongly with the 
oxygen atoms of two different CrO42– groups concurrently (see Appendix C Figure C16a). As with 
the primary binding site, this site can be observed in all mmo compounds. CROFOUR-2-Ni was 
found to contain a tertiary binding site that is much more favorable than the matching site in 
CROFOUR-1-Ni or any mmo net containing the bpe ligand. The tertiary site in CROFOUR-2-Ni 
corresponds to the second cage that is adjacent to the primary binding site in the [001] direction 
(See Appendix B Figure B4b). This cage in CROFOUR-2-Ni was found to be more preferable than 
that in CROFOUR-1-Ni because the walls of this cage are decorated with nitrogen functionality 
in CROFOUR-2-Ni, which the CO2 molecules can interact with favorably. The preference for this 
cage in CROFOUR-2-Ni relative to CROFOUR-1-Ni can also explain the enhanced CO2 
adsorption performance for the former. 
 
Conclusion 
In conclusion, we previously evinced that porous mmo nets based upon SMCs and angular 
CrO4
2-, MoO4
2- or WO4
2- pillars can exhibit exceptional carbon capture performance at low partial 
pressures of CO2. Herein we reveal that this platform can be rationally designed to afford a new 
isostructure that can further enhance the CO2 affinity as exemplified by the superior CO2 uptake, 
Qst and CO2/N2 and CO2/CH4 selectivity at ambient conditions. The optimization of the pore 
chemistry is paved by the synergetic effect between the high polarizability of the oxyanion pillar 
(CrO4
2-) and the basic donor nitrogen sites (N=N) coupled with the perfectly suited pore size for 
CO2 interaction. 
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The custom-built, CROFOUR-2-Ni, structure affords a potentially low-cost, stable and 
more energy-efficient CO2-selective adsorbent with favourably low regeneration temperature and 
exceptional affinity and selectivity towards very low and trace amounts of CO2 that is relevant to 
the direct air carbon capture, post-combustion, natural gas and biogas carbon capture. To best of 
our knowledge, CROFOUR-2-Ni exhibits hitherto unprecedented CO2/N2 selectivity relevant to 
the direct air capture that other classes of porous materials are unable to attain even these with 
UMCs or grafted amines. These results further demonstrated by single crystal X-ray diffraction 
collected for CROFOUR-2-Ni under stream of CO2 gas, and molecular simulation study. Further 
work is underway and will focus on the systematic evaluation of the effect of pore size and 
functionality on the gas adsorption performance of mmo nets through the exploitation of other 
metals, pillars and linkers.  
 
Methods 
 
Preparation of CROFOUR-2-Ni, [Ni(CrO4)(azp)2]: 
 2 mL of acetonitrile and water (v/v = 1:2) was carefully layered over an aqueous solution (4 mL 
water and one drop acetonitrile) of NiCl2.6H2O  (38.1 mg, 0.16 mmol) and K2CrO4 (31.0 mg, 0.16 
mmol) in a long thin test tube. 4,4’-azopyridine (azp) (36.8 mg, 0.2 mmol) in 4 mL of acetonitrile 
and water (v/v = 2:1) was slowly layered over the buffer layer. The tube was sealed and left 
undisturbed at room temperature. After one week dark red block-shaped crystals were isolated 
from the buffer layer (yield: 13 mg, 15% based on NiCl2.6H2O).  
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CHAPTER FIVE: 
Highly Selective Xenon Adsorption and Separation in mmo Platform 
 
Introduction 
Most recently the research scientists have been focused on the Xe/Kr separation due to the 
importance of these gases in many industrial applications such as magnetic resonance imaging, 
medical science, florescent light bulbs, nuclear energy and laser industry.1-5 The main source of 
these gases is their separation from air where they can be generated as byproducts from several 
fractional distillations of air. During the separation of nitrogen and oxygen from air there are 
several distillation steps, one of these step is producing a gas stream containing Xe and Kr with a 
molar ratio of 20:80. Afterward, these two gases can be separated from each other by the cryogenic 
distillation which is energy intensive due to the low temperature and high pressure required for 
this process, this makes the separation process is obviously challenging. In addition due to the 
small quantities of the two gases in this mixture (1.1 ppm Kr and 0.087 ppm Xe), the purity of the 
extracted Xe and Kr gases are not sufficient for some applications. These factors lead to the 
dramatic increase of the cost of these gases and augment the demand to contrive a more efficient 
and relatively inexpensive method for Xe/Kr separation under ambient conditions. On the other 
hand, the radioactive Xe and Kr gases can be produced as byproduct during the nuclear fusion and 
can be introduced in atmosphere during any nuclear accidents. Their removal from nuclear fuel 
reprocessing plants which contain 78% N2, 21% O2, 0.9% Ar, 0.03 % CO2, 400 ppm Xe and 40 
ppm Kr can be performed by the cryogenic distillation is costly and energy intensive. Selective 
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adsorption of Xe or Kr can be a promising alternative way to the cryogenic distillation for energy-
efficient Xe and Kr separation at ambient conditions. Zeolites and activated carbon have been 
utilized for the Xe/Kr separation at ambient conditions however they were unable to overcome the 
hurdle of the low purity of the separated gases due to the low selectivity offered by either zeolites 
or activated carbon, beside their low adsorption capacities.6-9 Metal organic materials (MOMs) 
have been widely investigated in term of the gas storage and separation for many industrially 
important gases such as CO2, CH4, H2, C2H4, C2H2,
10-17 due to their promising properties 
(especially their extra-large surface area,18-21 stability,22-25 recyclability26-29 and 
hydrophobicity26,30-32) and structures (especially their inherent modularity and the ability to fine-
tune the pore size and chemistry using a plethora of various metals and linkers33-38). For these 
reasons MOMs are perfectly suited materials for the Xe/Kr separation with low concentrations at 
nearly ambient conditions. A hypothetical study presented by Snurr showed that the best material 
for Xe separation should possess a pore size that is just above the kinetic diameter of the Xe (4.1 
Å), this will enhance the Xe adsorption performance and its selectivity over Kr.39 Another study 
showed that increasing the linker polarizability has a great impact on improving the Xe uptake.40 
The benchmark MOM in term of Xe/Kr separation is Ni/DOBDC with high adsorption 
performance as exemplified by Xe uptake of 3.83 mmol/g at 1 bar and 298K, 20:80 Xe/Kr 
selectivity of 4 and 50:50 Xe/Kr selectivity of 2.9.41 However this MOM relies on the unsaturated 
metal centers which are energy-intensive due to the high energy costs for activation and 
regeneration of this material. In this context, two porous metal organic materials based on the 
saturated metal centers (SMCs) and CrO4
2- pillars have been studied in term of the Xe and Kr 
separation from air. 
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Scheme 5.1. An illustration of the formation of mmo nets; CROFOUR-1-Ni and CROFOUR-2-Ni, based 
on the SMCs and CrO42- pillars. 
 
Results and Discussion 
Recently, a new class of metal organic materials called inorganic organic hybrid materials, 
that are based upon saturated metal centers connected by organic linker and inorganic pillars such 
as SiF6
2-, TiF6, SnF6
2-, CrO4
2-, MoO4
2- and WO4
2-, have been investigated in context of gas 
sorption. These materials were found to exhibit a remarkable affinity and selectivity toward CO2 
over other gases such as N2, CH4 and H2, this behaviour has been ascribed to the strong electrostatic 
afforded by the exploitation of the inorganic anions as pillar which act as favourable binding sites 
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that strongly interact with CO2 molecules through a quadrupole-quadrupole interaction. This 
behaviour prompted us to investigate its affinity to the noble gases such as Xe and Kr. 
The mmo platform is a unique example of the inorganic organic hybrid materials, sustained 
by pillaring the square grid sheets ([M(bp)2]
2+; bp=dipyridyl-type linkers) by angular inorganic 
pillars such as CrO4
2-, MoO4
2- and WO4
2-, that afford new porous isostructures that showed a high 
affinity toward CO2. Herein, two microporous mmo topology networks, CROFOUR-1-Ni and 
CROFOUR-2-Ni based upon the SMCs and CrO4
2- pillars (see Scheme 5.1), have been chosen for 
the study of Xe and Kr adsorption and separation.   
Gas Adsorption Properties 
Xe and Kr adsorption isotherms were collected at different temperature, 298 K, 288K and 
278 K for CROFOUR-1-Ni and CROFOUR-2-Ni. The single adsorption isotherms revealed Xe 
uptakes of 39.6 cm3/g (47.1 cm3/cm3) and 36 cm3/g (45.7 cm3/cm3) for CROFOUR-1-Ni and 
CROFOUR-2-Ni, respectively and Kr uptakes of 11 cm3/g (13.1 cm3/cm3) and 11.5 cm3/g (14.6 
cm3/cm3) at 298 K and 1 bar, respectively. Figure 5.1 and 5.2 show the high affinity of Xe over Kr 
in both MOMs as exemplified by the steep Xe uptakes at low pressure regions. 
The isosteric heats of adsorption (Qst) of Xe and Kr gases have been calculated for both 
structure by 2 methods, Clausius-Clapeyron and Langmuir-Freundlich methods, using the 
collected single adsorption isotherms at 298 K, 279 K.  
To the best of our Knowledge, CROFOUR-1-Ni structure exhibits a hitherto unprecedented 
value of Xe Qst at low loading of 37.4 kJ/mol while the Xe Qst  in CROFOUR-2-Ni is found to be 
30.5 kJ/mol at low loading (Figure 5.3 and 5.4) which is considerably high compared to the other 
porous materials including MOMs and activated carbon. This revealed the high affinity of the two 
structures toward Xe gas (Table 5.1). 
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Figure 5.1: Reversible single component Xe and Kr adsorption isotherms measured at 298 K for 
CROFOUR-1-Ni. 
 
 
Figure 5.2: Reversible single component Xe and Kr adsorption isotherms measured at 298 K for 
CROFOUR-2-Ni. 
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Figure 5.3. Xe isosteric heat of adsorption (Qst) for CROFOUR-1-Ni. 
 
 
 
Figure 5.4. Xe isosteric heat of adsorption (Qst) for CROFOUR-2-Ni. 
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IAST Data for Binary Gas Mixture 
The ideal adsorbed solution theory (IAST) was used to predict the selectivity of Xe/Kr 
binary mixture based on the experimental single adsorption isotherms collected at 298K for Xe 
and Kr gases. The selectivity of 50:50 Xe/Kr binary gas mixture at 298 K and 1 bar were found to 
be 49 and 31 for CROFOUR-1-Ni and CROFOUR-2-Ni, respectively, 33 and 20 for 20:80 Xe/Kr 
mixture, respectively, 30 and 18 for 10:90 Xe/Kr binary mixture, respectively (see Figure 5.5, 5.6 
and Appendix D). These values outperform the benchmark porous materials including activated 
carbon,41 MOF-74-Ni,41,42 CO3(HCOO)6
43 and HKUST-141,42 (see Table 5.1).  
This high affinity of both structures, CROFOUR-1-Ni and CROFOUR-2-Ni, toward Xe 
gas as exemplified by the high Qst values and the remarkable Xe/Kr selectivity, might be attributed 
to the strong interaction of Xe gas with the six terminal oxygen atoms that exposed to the interior 
of the channel (two from each of CrO4
2- moieties) in CROFOUR-1-Ni and CROFOUR-2-Ni, 
synergistically consolidated with the small pore size of both structure which boosts the 
Xe/framework interaction. 
 
Figure 5.5. IAST calculated selectivity for a 20:80 Xe: Kr mixture based upon experimentally observed 
adsorption isotherms of the pure gases for CROFOUR-1-Ni. 
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Figure 5.6. IAST calculated selectivity for a 20:80 Xe: Kr mixture based upon experimentally observed 
adsorption isotherms of the pure gases for CROFOUR-2-Ni. 
 
Table 5.1. Comparison of the adsorption performance parameters of the benchmark porous materials in 
term of Xe/Kr separation. 
Sorbent Xe uptake @ 
1 bar 
(mmol/g) 
Xe Qst 
(kJ mol-1) 
10:90 Xe/Kr 
Selectivity 
20:80 Xe/Kr 
Selectivity 
50:50 Xe/Kr 
Selectivity 
Activated 
Carbon41 
4.2 6.6 NR 2.9a 2.5a 
MOF-74-Ni41,42  4.2 22 NR 4a 2.9a 
MOF-74-Co42 6.1 26.3 NR 10.37 d /3.91 e NR 
MOF-74-Mg42  5.6 23.5 NR 5.94 d /3.76 e NR 
Ag@MOF-74Ni44  4.6 11 NR NR 6.8b 
HKUST-141,42,45  3.3 17.5 NR 2.6a 1.9a 
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Table 5.1. (continued) 
CO3(HCOO)6 
43 2 28 12c NR NR 
CC346 2.4 31.3 33.2c§ 33.5c§ 33.7c§ 
CROFOUR-1-Ni 1.8 37.4 21.5c/37¶c 22c/34¶c 26c/30¶c 
CROFOUR-2-Ni 1.6 30.5 15c/38¶c 15.5c/32.5¶c 16c/26¶c 
aFrom breakthrough experiment. bThe ratio of uptake based on single component isotherms. cFrom 
IAST calculation. dHenry’s constant based on single component isotherm. eSimulated. §At 20 mbar 
and 195 K. At 1 bar. ¶At zero loading. 
 
Computational Studies 
The same three binding sites observed for CO2 (see Chapter Four) were also observed for 
Xe adsorption in CROFOUR-1-Ni, while two of the aforementioned sites are occupied for Xe in 
CROFOUR-2-Ni. According to modeling studies, the site between two oxygen atoms from two 
different CrO4
2– groups in CROFOUR-2-Ni is not accessible for Xe using the current rigid crystal 
approximation. This is because the Xe atom is too large to fit into that region as a result of the 
smaller pore size for the first cage in CROFOUR-2-Ni. This could be the reason for why 
CROFOUR-2-Ni adsorbs less Xe than CROFOUR-1-Ni. At most two Kr atoms can adsorb into 
the second cage for both MOMs, while the same region only has room to fit one Xe atom (see 
Appendix D for more details). 
As shown in Figure 5.8, three different binding sites were observed for Kr adsorption in 
CROFOUR-1-Ni and CROFOUR-2-Ni: within the first cage where the adsorbate  interacts with 
six terminal oxygen atoms (two from three different CrO4
2– moieties) simultaneously (site 1); 
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within the same cage as site 1 where the adsorbate interacts with two oxygen atoms from two 
different CrO4
2– groups (site 2); and within the second cage that is adjacent to the first cage in the 
[001] direction (site 3).  
 
  
 
Figure 5.7. Adsorbed Xe molecules in CROFOUR-1-Ni (Left) and CROFOUR-2-Ni (Right) showing the 
different binding sites. 
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Figure 5.8. Adsorbed Kr molecules in CROFOUR-1-Ni (Left) and CROFOUR-2-Ni (Right) showing the 
different binding sites. 
 
 
Conclusion 
In conclusion, two microporous metal organic materials, CROFOUR-1-Ni and 
CROFOUR-2-Ni, based upon SMCs and CrO4
2- inorganic anions have been investigated in term 
of Xe and Kr adsorption and separation. The two structures exhibited hitherto unprecedented 
adsorption performance of Xe gas and Xe/Kr separation as exemplified by the high value of the 
isosteric heat of adsorption of Xe and the remarkable selectivity of Xe/Kr that surpass the 
benchmark porous materials in this context, which make them a promising candidates in term of 
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Xe/Kr separation from air under ambient condition. Most importantly, the remarkable Xe affinity, 
high stability, good recyclability, low regeneration energy and low cost of the two materials  could 
not only diminish the cost of the Xe and Kr production but also can potentially afford a high purity 
of the separated gases. Further work is underway in order to investigate the Xe/Kr separation for 
other analogues of inorganic organic hybrid materials with controllable pore size and chemistry. 
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CHAPTER SIX: 
Conclusions and Future Directions 
 
Conclusions 
In conclusion, we have synthesized a new class of porous MOM platforms based upon 
SMCs and angular WO42-, MoO42- or CrO42- inorganic anion pillars. They exhibit a novel 6-c 
uninodal topology, mmo, that facilitates evaluation of WO42-, MoO42- and CrO42- in terms of their 
effect upon gas sorption. These nets offer exceptional stability over a wide range of pH and 
remarkable control over the pore size and pore functionality based on the length, geometry and 
functionality of both linkers (organic and inorganic linkers). The exploitation of oxyanions as 
linkers/pillars to decorate the pore of MOMs afford energetically favourable binding sites for CO2 
and Xe gases as exemplified by the exceptional Qst values and the remarkable selectivity in term 
the physisorption interaction. These inexpensive, facile to synthesize and robust CO2 and Xe 
adsorbents outperform many other MOMs, even these with UMCs or amine functionalized MOMs. 
We attributed these results to the strong quadrupole-quadrupole interaction between the anionic 
pillars (CrO4-2, MoO4-2 or WO4-2) and polarizable gases such as CO2 and Xe. Therefore, the gas 
sorption properties are well-understood in this class of materials since the experimental data was 
further validated by the theoretical studies.  
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Future Directions 
The exploitation of oxyanions as pillars or linkers is prominent for their strong 
potential for contributing to the future of MOMs. This is because of several reasons: 
 Oxyanions are very cheap, facile to react and highly versatile (in term of 
geometry, charge and polarizability) linkers/pillars. 
 The resulting networks tend to exhibit excellent chemical stability and strong 
performance with respect to gas sorption behaviour.  
 The oxyanion-based MOM platforms are well-suited for the crystal 
engineering studies due to their structure modularity and amenability for the 
systematic study over the pore metrics and chemistry through varying 3 
positions: metal, organic linker and inorganic linker/pillar (oxyanion). Using 
the plethora of the pre-selected metals and linkers that enables the control 
over some significant properties of the designed platforms such as stability, 
cost, polarizability and hydrophobicity in order to fulfill the need of the 
industrial gas separations. 
Therefore, although oxyanions are rarely encountered in coordination chemistry, in 
general, and porous materials science, in particular, they are playing an increasingly visible role in 
MOM design and could ultimately provide a roadmap to the formation of very stable, inexpensive, 
facile to synthesize and highly selective super-adsorbents that can be utilized for practical gas 
separations. 
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APPENDIX A: 
Highly Selective CO2 Uptake in Uninodal 6-Connected “mmo” nets based upon MO42- (M = Cr, 
Mo) pillars 
 
Experimental Procedures 
Materials and Methods:  
All reagents and solvents were purchased in high purity grade and used as received. Powder 
x-ray diffraction (PXRD) data were recorded on a BrukerD8 Advance X-ray diffractometer at 20 
kV, 5 mA for Cukα (λ = 1.5418 Å), with a scan speed of 0.5 s/step (6°/min) and a step size of 0.05° 
in 2θ at room temperature. The calculated XPD patterns were generated using Powder Cell for 
Windows Version 2.4 (programmed by W. Kraus and G. Nolze, BAM Berlin, 2000). Infrared 
spectra were recorded on a Nicolet Avatar 320 FT-IR spectrometer. Low pressure gas adsorption 
isotherms were measured on the Micrometrics ASAP 2020 Surface Area and Porosity Analyzer. 
 
Synthesis: 
[Co(bpe)2MoO4], MOOFOUR-1-Co (1) 
3 mL of acetonitrile and water (v/v = 1:2) was carefully layered over an aqueous solution 
(3 mL) of CoCl2.6H2O (19.0 mg, 0.08 mmol) and Na2MoO4.2H2O (19.4 mg, 0.08 mmol) in a long 
thin test tube. 1,2-bis(4-pyridyl)ethene (bpe) (18.2 mg, 0.1 mmol) in 3 mL of acetonitrile and water 
(v/v = 2:1) was slowly layered over the buffer layer. The tube was sealed and left undisturbed at 
room temperature. After 3 days red block-shaped crystals were isolated from the buffer layer. 
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[Ni(bpe)2MoO4], MOOFOUR-1-Ni (2) 
Crystals of 2 were prepared in the same way as 1 except that NiCl2 (10.4 mg, 0.08 mmol) 
was used instead of CoCl2.6H2O. After 3 days, the light green block-shaped crystals were 
harvested. 
 
[Co(bpe)2CrO4], MOOFOUR-1-Co (3) 
Crystals of 3 were prepared in the same way as 1 except that K2Cr2O7 (23.5 mg, 0.08 mmol) 
was used instead of Na2MoO4.2H2O. After 3 days red block-shaped crystals were isolated from 
the buffer layer. 
 
[Ni(bpe)2CrO4], CROOFOUR-1-Ni (4) 
Crystals of 4 were prepared in the same way as 1 except that NiCl2 (10.4 mg, 0.08 mmol) 
was used instead of CoCl2.6H2O and K2Cr2O7 (23.5 mg, 0.08 mmol) was used instead of 
Na2MoO4.2H2O.  After 3 days, the green block-shaped crystals were harvested. 
 
Sample Activation for Gas Sorption 
The as-synthesized crystals of MOOFOUR-1-Ni were exchanged with acetonitrile for 72 
h (2 times/day) then immersed in methanol for 1 h. The resulting solid was filtered, evacuated at 
ambient temperature for 36 h and then at 60oC for 6 h under dynamic pressure. CROFOUR-1-Ni 
was activated in the same manner except there was no evacuation at 60oC.  
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Figure A1. Infrared spectroscopy (diffuse reflectance) for CROFOUR-1-Co, CROFOUR-1-Ni, 
MOOFOUR-1-Co and MOOFOUR-1-Ni. 
 
 
  
Figure A2. Experimental and calculated powder X-ray diffraction (PXRD) patterns for MOOFOUR-1-Co. 
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Figure A3. Experimental and calculated powder X-ray diffraction patterns of CROFOUR-1-Co. 
 
Figure A4. Pre-activation and post-activation experimental and calculated powder X-ray diffraction 
patterns for MOOFOUR-1-Ni. 
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Figure A5. Pre-activation and post-activation experimental and calculated powder X-ray diffraction 
patterns for CROFOUR-1-Ni. 
 
 
Figure A6. PXRD patterns for MOOFOUR-1-Ni addressing its water and air stability. 
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Figure A7. CO2 isotherms of MOOFOUR-1-Ni and CROOFOUR-1-Ni measured at 195 K. 
 
 
Figure A8. CO2 adsorption isotherms of MOOFOUR-1-Ni and CROOFOUR-1-Ni measured at 273 K and 
283 K. 
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Calculation of Isosteric Heat of Adsorption (Qst) 
The Qst values for MOOFOUR-1-Ni and CROFOUR-1-Ni have been calculated according 
to virial equation using the fitted adsorption isotherms at 273 K and 298 K correspondingly it has 
been calculated using the fitting of the adsorption isotherms at three different temperatures, 273 
K, 283 K and 298 K. 
 
 
Figure A9. CO2 adsorption isotherms of MOOFOUR-1-Ni at 273 K and 298 K fitted using the virial 
equation. 
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Figure A10. CO2 adsorption isotherms of MOOFOUR-1-Ni at 273 K, 283 K and 298 K fitted using the 
virial equation. 
 
 
Figure A11. CO2 isosteric heats of adsorption (Qst) of MOOFOUR-1-Ni using the fitted data measured at 
two (273 K and 298 K) and three (273 K, 283 K and 273 K) temperatures. 
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Figure A12. CO2 adsorption isotherms of CROFOUR-1-Ni fitted using the virial equation.  
 
 
Figure A13. CO2 adsorption isotherms of CROFOUR-1-Ni at 273 K, 283 K and 298 K fitted using the 
virial equation. 
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Figure A14. CO2 isosteric heats of adsorption (Qst) of CROFOUR-1-Ni using the fitted data measured at 
two (273 K and 298 K) and three (273 K, 283 K and 273 K) temperatures. 
 
Ideal Adsorbed Solution Theory (IAST) 
Ideal adsorbed solution theory, developed by Myers and Prausnitz,1 was used to estimate 
the selectivities of CO2/N2 (10:90) and CO2/CH4 (50:50) mixture compositions in CROFOUR-1-
Ni and MOOFOUR-1-Ni from their respective single-component isotherms. The isotherms were 
fitted to the dual-site Langmuir-Freundlich equation:2 
 
𝑛 =
𝑛𝑚1𝑏1𝑃
(
1
𝑡1
)
1 + 𝑏1𝑃
(
1
𝑡1
)
+
𝑛𝑚2𝑏2𝑃
(
1
𝑡2
)
1 +  𝑏2𝑃
(
1
𝑡2
)
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Here, n is the amount adsorbed per mass of adsorbent (in mol/kg), P is the total pressure (in kPa) 
of the bulk gas at equilibrium with the adsorbed phase, nm1 and nm2 are the saturation uptakes (in 
mol/kg) for sites 1 and 2, b1 and b2 are the affinity coefficients (in kPa
-1) for sites 1 and 2, and t1 
and t2 represent the deviations from the ideal homogeneous surface for sites 1 and 2. The 
parameters that were obtained from the fitting for both MOFs are found in Table A1. All isotherms 
were fitted with R2 > 0.9999.  
 
The fitted parameters were then used to predict multi-component adsorption. The mole 
fraction of each species in the adsorbed phase can be calculated by solving the expression: 
 
∫
𝑛𝑖(𝑃)
𝑃
𝑃𝑦𝑖
𝑥𝑖
0
𝑑𝑃 = ∫
𝑛𝑗(𝑃)
𝑃
𝑑𝑃
𝑃𝑦𝑗
𝑥𝑗
0
 
 
where xi and yi are the adsorbed and bulk phase mole fractions of component i, respectively. 
In order to solve for xi, two quantities must be specified, specifically P and yi. The quantity 
xi was determined using numerical analysis and root exploration. The selectivity for 
component i relative to component j can be calculated via the following: 
 
𝑆𝑖/𝑗 =
𝑥𝑖
𝑥𝑗
𝑦𝑗
𝑦𝑖
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Table A1: The fitted parameters for the dual-site Langmuir-Freundlich equation for the single-component 
isotherms of CO2, N2, and CH4 in CROFOUR-1-Ni and MOOFOUR-1-Ni at 298 K. 
 
 
  
CROFOUR-1-Ni 
 
 
MOOFOUR-1-Ni 
 CO2 N2 CH4 CO2 N2 CH4 
nm1 
(mol/kg) 
4.914843 
 
0.215713 1.919022 6.556938 22.209305 5.702940 
nm2 
(mol/kg) 
3.047214 
 
5.647549 1.248420 3.032790E-
02 
5.781674E-
02 
0.720602 
b1 (kPa-1) 1.363105E-
04 
 
8.017059E-
07 
4.494827E-
07 
7.204357E-
02 
4.462305E-
06 
1.544469E-
03 
b2 (kPa-1) 0.200857 7.241491E-
04 
 
6.269775E-
03 
3.434810E-
02 
2.211130E-
02 
3.600762E-
03 
t1 0.762931 
 
0.368983 0.404170 2.199954 0.640078 1.322732  
t2 1.822999 
 
1.180533 0.905631 0.181479 0.706056 0.8060724 
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Figure A15. IAST calculated selectivity for a 50:50 CO2: CH4 mixture based upon the experimentally 
observed adsorption isotherms of the pure gases for MOOFOUR-1-Ni and CROFOUR-1Ni. 
 
 
Figure A16. IAST calculated selectivity for a 10:90 CO2: N2 mixture based upon experimentally observed 
adsorption isotherms of the pure gases for MOOFOUR-1-Ni and CROFOUR-1Ni. 
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Figure A17. Adsorbed CO2molecules in MOOFOUR-1-Ni showing (a) Side view of the primary binding 
site (site I). (b) Top view of the primary binding site (site I). (c) Side view of the secondary binding site 
(site II). (d) Top view of the secondary binding site (site II). (e) Side view of the both binding sites (site I 
and II). 
 
 
Figure A18. Snapshot of a 1 x 1 x 2 unit cell of CROFOUR-1-Ni during the simulation showing the strong 
interaction between CO2 molecules and 3 pairs of terminal oxygen atoms sticking out from the chromate 
ion (see red box).  
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Single-Crystal X-Ray Diffraction 
The X-ray diffraction data for MOOFOUR-1-Ni were collected using synchrotron 
radiation, λ = 0.41328 Å, at the Advanced Photon Source, Chicago IL. The X-ray diffraction data 
for MOOFOUR-1-Co, CROFOUR-1-Ni and CROFOUR-1-Co were collected using Bruker-
AXS SMART-APEXIICCD diffractometer using CuKα (λ = 1.54178 Å).  
Indexing was performed using APEX23 (Difference Vectors method). Data integration and 
reduction were performed using SaintPlus 6.01.4 Absorption correction was performed by multi-
scan method implemented in SADABS.5 Space groups were determined using XPREP 
implemented in APEX2.3 The structure was solved using SHELXS-97 (direct methods) and 
refined using SHELXL-97 (full-matrix least-squares on F2) contained in APEX23 and 
WinGXv1.70.016-9 programs packages.  
Hydrogen atoms were placed in geometrically calculated positions and included in the 
refinement process using riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH). 
Acetonitrile molecules were located in the cavities of MOOFOUR-1-Ni, MOOFOUR-1-Co and 
CROFOUR-1-Ni. 
The remaining disordered solvent was refined as oxygen atoms (H2O). For CROFOUR-
1-Co the contribution of heavily disordered solvent molecules was treated as diffuse using the 
Squeeze procedure implemented in Platon.10,11 Crystals of MOOFOUR-1-Ni, MOOFOUR-1-Co 
and CROFOUR-1-Co were racemically twinned (R32 space group). Crystal data and refinement 
conditions are shown in Tables 2, 3, 4 and 5.   
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Table A2. Crystal data and structure refinement for  CROFOUR-1-Ni 
 
Identification code 
Empirical formula               
Formula weight                  
Temperature                     
Wavelength                      
Crystal system, space group     
Unit cell dimensions            
 
 
Volume                          
Z, Calculated density           
Absorption coefficient          
F(000)                          
Crystal size                    
Theta range for data collection 
Limiting indices                
Reflections collected / unique  
Completeness to theta = 68.12   
Absorption correction           
Max. and min. transmission      
Refinement method               
Data / restraints / parameters  
Goodness-of-fit on F^2 
Final R indices [I>2sigma(I)]   
R indices (all data)            
Absolute structure parameter    
Largest diff. peak and hole     
CROFOUR-1-Ni 
C24 H20 Cr N4 Ni O9.17 
621.82 
228(2) K 
1.54178 A 
Trigonal,  R32 
a = 21.1759(3) A   alpha = 90 deg. 
b = 21.1759(3) A    beta = 90 deg. 
c = 17.4734(3) A   gamma = 120 deg. 
6785.65(18) A^3 
9,  1.370 Mg/m^3 
4.206 mm^-1 
2856 
0.15 x 0.10 x 0.10 mm 
3.49 to 68.12 deg. 
-20<=h<=24, -24<=k<=25, -20<=l<=20 
12389 / 2698 [R(int) = 0.0418] 
98.3 % 
Semi-empirical from equivalents 
0.6785 and 0.5711 
Full-matrix least-squares on F^2 
2698 / 0 / 208 
1.083 
R1 = 0.0327, wR2 = 0.0883 
R1 = 0.0348, wR2 = 0.0891 
0.016(7) 
0.497 and -0.251 e.A^-3 
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Table A3. Crystal data and structure refinement for MOOFOUR-1-Ni 
 
Identification code 
Empirical formula               
Formula weight                  
Temperature                     
Wavelength                      
Crystal system, space group     
Unit cell dimensions            
 
 
Volume                          
Z, Calculated density           
Absorption coefficient          
F(000)                          
Crystal size                    
Theta range for data collection 
Limiting indices                
Reflections collected / unique  
Completeness to theta = 17.29   
Absorption correction           
Max. and min. transmission      
Refinement method               
Data / restraints / parameters  
Goodness-of-fit on F^2 
Final R indices [I>2sigma(I)]   
R indices (all data)            
Absolute structure parameter    
Largest diff. peak and hole     
MOOFOUR-1-Ni 
C26 H20 Mo N5 Ni O7.58 
678.45 
100(2) K 
0.41328 A 
Trigonal,  R32 
a = 21.0856(9) A   alpha = 90 deg. 
b = 21.0856(9) A    beta = 90 deg. 
c = 17.9678(8) A   gamma = 120 deg. 
6918.3(5) A^3 
9,  1.466 Mg/m^3 
0.703 mm^-1 
3075 
0.04 x 0.04 x 0.02 mm 
1.95 to 17.29 deg. 
-18<=h<=30, -30<=k<=17, -25<=l<=18 
14529 / 4649 [R(int) = 0.0491] 
97.1 % 
Semi-empirical from equivalents 
0.9861 and 0.9724 
Full-matrix least-squares on F^2 
4649 / 0 / 207 
1.034 
R1 = 0.0322, wR2 = 0.0869 
R1 = 0.0323, wR2 = 0.0870 
0.00(6)  (BASF = 0.41(1)) 
0.853 and -0.723 e.A^-3 
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Table A4. Crystal data and structure refinement for MOOFOUR-1-Co 
 
Identification code               
Empirical formula                 
Formula weight                    
Temperature                       
Wavelength                        
Crystal system, space group       
Unit cell dimensions              
 
 
Volume                            
Z, Calculated density             
Absorption coefficient            
F(000)                            
Crystal size                      
Theta range for data collection   
Limiting indices                  
Reflections collected / unique    
Completeness to theta = 68.35     
Absorption correction             
Max. and min. transmission        
Refinement method                 
Data / restraints / parameters    
Goodness-of-fit on F^2 
Final R indices [I>2sigma(I)]     
R indices (all data)              
Absolute structure parameter      
Largest diff. peak and hole       
MOOFOUR-1-Co 
C25.33 H20 Co Mo N4.67 O9.36 
694.39 
228(2) K 
1.54178 A 
Trigonal,  R32 
a = 21.3191(3) A   alpha = 90 deg. 
b = 21.3191(3) A    beta = 90 deg. 
c = 17.9250(3) A   gamma = 120 deg. 
7055.49(18) A^3 
9,  1.471 Mg/m^3 
7.901 mm^-1 
3137 
0.14 x 0.11 x 0.11 mm 
3.44 to 68.35 deg. 
-21<=h<=24, -25<=k<=23, -21<=l<=21 
14736 / 2787 [R(int) = 0.0400] 
99.3 % 
Semi-empirical from equivalents 
0.4769 and 0.4042 
Full-matrix least-squares on F^2 
2787 / 0 / 233 
1.024 
R1 = 0.0241, wR2 = 0.0573 
R1 = 0.0251, wR2 = 0.0577 
0.000(11) (BASF = 0.690(4)) 
0.549 and -0.287 e.A^-3 
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Table A5. Crystal data and structure refinement for CROFOUR-1-Co 
 
Identification code             
Empirical formula               
Formula weight                  
Temperature                     
Wavelength                      
Crystal system, space group     
Unit cell dimensions            
 
 
Volume                          
Z, Calculated density           
Absorption coefficient          
F(000)                          
Crystal size                    
Theta range for data collection 
Limiting indices                
Reflections collected / unique  
Completeness to theta = 68.40   
Absorption correction           
Max. and min. transmission      
Refinement method               
Data / restraints / parameters  
Goodness-of-fit on F^2 
Final R indices [I>2sigma(I)]   
R indices (all data)            
Absolute structure parameter    
Largest diff. peak and hole     
CROFOUR-1-Co 
C24 H20 Co Cr N4 O4 
539.37 
228(2) K 
1.54178 A 
Trigonal,  R32 
a = 21.4198(8) A   alpha = 90 deg. 
b = 21.4198(8) A    beta = 90 deg. 
c = 17.4178(8) A   gamma = 120 deg. 
6920.8(5) A^3 
9,  1.165 Mg/m^3 
7.384 mm^-1 
2475 
0.14 x 0.11 x 0.07 mm 
3.48 to 68.40 deg. 
-25<=h<=24, -25<=k<=25, -18<=l<=20 
12574 / 2774 [R(int) = 0.0648] 
98.1 % 
Semi-empirical from equivalents 
0.6260 and 0.4246 
Full-matrix least-squares on F^2 
2774 / 0 / 156 
1.047 
R1 = 0.0488, wR2 = 0.1197 
R1 = 0.0589, wR2 = 0.1257 
0.000(10)  (BASF = 0.102(8)) 
0.226 and -0.554 e.A^-3 
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APPENDIX B: 
Pillar Substitution Modulates CO2 Affinity in “mmo” Topology Networks 
 
Experimental Procedures 
Materials and Methods: All reagents and solvents were purchased in high purity grade and used 
as received. Powder X-ray diffraction (PXRD) data were recorded on a BrukerD8 Advance X-ray 
diffractometer at 20 kV, 5 mA for Cukα (λ = 1.5418 Å), with a scan speed of 0.5 s/step (6°/min) 
and a step size of 0.05° in 2θ at room temperature. The calculated XPD patterns were generated 
using Powder Cell for Windows Version 2.4 (programmed by W. Kraus and G. Nolze, BAM 
Berlin, 2000). Infrared spectra were recorded on a Nicolet Avatar 320 FT-IR spectrometer. Low 
pressure gas adsorption isotherms were measured on the Micromeritics ASAP 2020 Surface Area 
and Porosity Analyzer. 
Synthesis: 
[Ni(bpe)2WO4], WOFOUR-1-Ni (1) 
An aqueous solution (4mL) of NiCl2.6H2O (11.9 mg, 0.05 mmol) was mixed with an 
aqueous solution (4mL) of Na2WO4.2H2O (16.5 mg, 0.05 mmol) in a long thin test tube, the 
resulting turbid solution was carefully layered under 1,2-bis(4-pyridyl)ethene (bpe) (18.2 mg, 0.1 
mmol) in 4 mL of acetonitrile and water (v/v = 2:1). The tube was sealed and left undisturbed at 
room temperature. After one week light green block-shaped crystals were isolated. 
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[Co(bpe)2WO4], WOFOUR-1-Co (2) 
Crystals of 2 were prepared in the same way as 1 except that CoCl2.6H2O (11.9 mg, 0.05 
mmol) was used instead of NiCl2.6H2O. After one week, the red block-shaped crystals were 
harvested. 
 
Scheme B1. Pillar substitution in mmo nets has little effect upon structure in CROFOUR-1-Ni, 
MOOFOUR-1-Ni and WOFOUR-1-Ni. 
 
 
 
Figure B1. Self-catenated square grids (red and blue) connected with WO4-2 pillars (green) to afford mmo 
net. 
  
112 
 
 
 
 
Figure B2. Infrared spectroscopy (diffuse reflectance) for WOFOUR-1-Co and WOFOUR-1-Ni. 
 
Figure B3. Calculated and experimental (as-synthesized and air exposed sample) Powder X-ray diffraction 
(PXRD) patterns for WOFOUR-1-Co. 
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Stability of WOFOUR-1-Ni 
 
Figure B4. PXRD patterns for WOFOUR-1-Ni addressing its stability after activation, in water in air, in 
0.1 M NaOH and in 0.01M HCl. 
 
 
Figure B5. PXRD patterns for WOFOUR-1-Ni addressing its stability in boiling water for up to 20 days. 
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Figure B6. Variable temperature PXRD patterns for WOFOUR-1-Ni addressing its thermal stability. 
 
Gas Sorption Properties 
[Ni(bpe)2WO4], WOFOUR-1-Ni activation for gas sorption: The as-synthesized crystals of 
WOFOUR-1-Ni were exchanged with acetonitrile for 48 h (2 times/day) then the crystals in acetonitrile are 
heated up in the oven at 80oC for 3h. The resulting solid was filtered, evacuated at 60oC for 12 h and then 
at 80oC for 4 h under dynamic pressure. Due to the strong interaction between CO2 and the framework 
which is accompanied by slow CO2 sorption kinetics, we had increased the equilibrium time during the CO2 
adsorption measurement. 
 
Table B1: Gas Adsorption Properties of CROFOUR-1-Ni, MOOFOUR-1-Ni, WOFOUR-1-Ni. 
 
MOM CROFOUR-1-Ni MOOFOUR-1-Ni WOFOUR-1-Ni 
Empirical Formula [Ni(bpe)2CrO4] [Ni(bpe)2MoO4] [Ni(bpe)2WO4] 
Langmuir Surface Area 
(m2/g) 
505 456 315 
CO2 Uptake (1 atm, 298 
K; cm3/g) 
43 55 52 
CO2 Uptake (1 atm, 298 
K; cm3/ cm3) 
52 69 76 
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Table B1. (Continued) 
CO2 Uptake (0.15 atm, 
298 K; cm3/ g) 
23 27 22 
CO2 Uptake (0.15 atm, 
298 K; cm3/ cm3) 
28 33 33 
CO2 Qst (zero loading; 
kJ/mol) 
50 56 66 
CO2/CH4 selectivity 
(50/50; Zero loading, 
298 K) 
170 182 372 
CO2/CH4 selectivity 
(50/50; 1 atm, 298 K) 
25 40 26 
CO2/N2 selectivity 
(10/90; Zero loading, 
298 K) 
1240 1820 2158 
CO2/N2 selectivity 
(10/90; 
1 atm, 298 K) 
195 96 179 
 
 
 
Figure B7. CO2 isotherm of WOFOUR-1-Ni measured at 195 K. 
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Figure B8. Reversible single component gas adsorption isotherms of WOFOUR-1-Ni. 
 
Calculation of isosteric heat of adsorption (Qst): The Qst values for WOFOUR-1-Ni have been 
calculated according to virial equation using the fitted adsorption isotherms at 273 K and 298 K 
correspondingly it has been calculated using the fitting of the adsorption isotherms at five different 
temperatures;  273 K, 283 K, 298 K, 313 K and 323 K. 
 
Table B2: isosteric heat of adsorption (Qst) of CO2 at zero coverage in metal organic materials that 
showed high CO2 affinity. 
 
MOM Isosteric heat of adsorption (-Qst) (kJ/mol) Reference 
CD-MOF-2 113.5 1 
Cu-BTTri-mmen 96 2 
Cu-BTTri-en 90 3 
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Table B2: (Continued) 
 
Zn(DCTP)(DABCO) 77 4 
mmen-Mg2(dobpdc) 71 5 
WOFOUR-1-Ni 65.5 This work 
MIL-100(Cr) 62 6 
[(CH3)2NH2]2[Tb6(μ3-
OH)8(FTZB)6(H2O)6]∙(H2O)22 
58.1 7 
MOOFOUR-1-Ni 56 8 
NH2-MIL-53(Al), USO-1-Al-A 50 9 
CROFOUR-1-Ni 50 8 
CuTATB-30 48 10 
CAU-1 48 11 
Mg-MOF-74, CPO-27-Mg 47 12 
bio-MOF-11  45 13 
CuBDPMe 45 14 
MIL-101(Cr) 44 6 
Ni-MOF-74, CPO-27-Ni 42 15 
Zn2(ox)(atz)2 41 16 
Pd(μ-F-pymo-N1,N3)2 40 17 
SIFSIX-3-Zn 40 18 
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Isosteric Heat of Adsorption 
(a) Virial method: 
 
Figure B9. CO2 isosteric heat of adsorption (Qst) for CROFOUR-1-Ni, MOOFOUR-1-Ni and WOFOUR-
1-Ni. 
 
 
Figure B10. CO2 adsorption isotherms of WOFOUR-1-Ni at 273 K and 298 K fitted using the virial 
equation. 
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Figure B11. CO2 isosteric heat of adsorption (Qst) for WOFOUR-1-Ni using the fitted data using virial 
method measured at 298 K and 273 K. 
 
 
Figure B12. CO2 adsorption isotherms of WOFOUR-1-Ni at 273 K, 283 K and 298 K fitted using the virial 
equation. 
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Figure B13. CO2 isosteric heat of adsorption (Qst) for WOFOUR-1-Ni using the fitted data by virial method 
measured at 298 K, 283 K and 273 K. 
 
 
Figure B14. CO2 adsorption isotherms of WOFOUR-1-Ni at 273 K, 283 K, 298 K, 313 K and 323 K fitted 
using the virial equation. 
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Figure B15. CO2 isosteric heat of adsorption (Qst) for WOFOUR-1-Ni using the fitted data by virial method 
measured at 273 K, 283 K, 298 K, 313 K and 323 K. 
 
(b) Dual-site Langmuir method (DSL): 
The isotherms were fitted to the dual-site Langmuir-Freundlich equation: 
 
𝑛 =
𝑛𝑚1𝑏1𝑃
(
1
𝑡1
)
1 + 𝑏1𝑃
(
1
𝑡1
)
+
𝑛𝑚2𝑏2𝑃
(
1
𝑡2
)
1 +  𝑏2𝑃
(
1
𝑡2
)
 
 
Here, n is the amount adsorbed per mass of adsorbent (in mol/kg), P is the total pressure 
(in kPa) of the bulk gas at equilibrium with the adsorbed phase, nm1 and nm2 are the saturation 
uptakes (in mol/kg) for sites 1 and 2, b1 and b2 are the affinity coefficients (in kPa
-1) for sites 1 and 
2, and t1 and t2 represent the deviations from the ideal homogeneous surface for sites 1 and 2. The 
parameters that were obtained from the fitting are found in Table B3.  
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Table B3: The fitted parameters for the dual-site Langmuir-Freundlich equation for the single-component 
isotherms of CO2 in WOFOUR-1-Ni. 
nm1 (mol/kg) 9.22955603 
nm2 (mol/kg) 1.1259474 
b1 (kPa-1) 6.86E-06 
b2 (kPa-1) 1.18E-05 
t1 1.45953661 
t2 2.69353763 
 
 
 
Figure B16. CO2 isosteric heat of adsorption (Qst) for WOFOUR-1-Ni using the fitted data by dual-site 
Langmuir method measured at 273 K and 298 K. 
 
 
  
123 
 
Ideal Adsorbed Solution Theory (IAST) 
Ideal adsorbed solution theory, developed by Myers and Prausnitz,19 was used to estimate 
the selectivities of CO2/N2 (10:90) and CO2/CH4 (50:50) mixture compositions in WOFOUR-1-
Ni from their respective single-component isotherms. The isotherms were fitted to the dual-site 
Langmuir-Freundlich equation:20 
 
𝑛 =
𝑛𝑚1𝑏1𝑃
(
1
𝑡1
)
1 +  𝑏1𝑃
(
1
𝑡1
)
+
𝑛𝑚2𝑏2𝑃
(
1
𝑡2
)
1 +  𝑏2𝑃
(
1
𝑡2
)
 
 
Here, n is the amount adsorbed per mass of adsorbent (in mol/kg), P is the total pressure (in kPa) 
of the bulk gas at equilibrium with the adsorbed phase, nm1 and nm2 are the saturation uptakes (in 
mol/kg) for sites 1 and 2, b1 and b2 are the affinity coefficients (in kPa
-1) for sites 1 and 2, and t1 
and t2 represent the deviations from the ideal homogeneous surface for sites 1 and 2. The 
parameters that were obtained from the fitting for both MOFs are found in Table S3. All isotherms 
were fitted with R2 > 0.9999.  
 
The fitted parameters were then used to predict multi-component adsorption. The mole 
fraction of each species in the adsorbed phase can be calculated by solving the expression: 
 
∫
𝑛𝑖(𝑃)
𝑃
𝑃𝑦𝑖
𝑥𝑖
0
𝑑𝑃 = ∫
𝑛𝑗(𝑃)
𝑃
𝑑𝑃
𝑃𝑦𝑗
𝑥𝑗
0
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where xi and yi are the adsorbed and bulk phase mole fractions of component i, respectively. 
In order to solve for xi, two quantities must be specified, specifically P and yi. The quantity 
xi was determined using numerical analysis and root exploration. The selectivity for component i 
relative to component j can be calculated via the following: 
 
𝑆𝑖/𝑗 =
𝑥𝑖
𝑥𝑗
𝑦𝑗
𝑦𝑖
 
 
Table B4: The fitted parameters for the dual-site Langmuir-Freundlich equation for the single-
component isotherms of CO2, N2, and CH4 in WOFOUR-1-Ni at 298 K. 
 CO2 N2 CH4 
nm1 (mol/kg) 6.899934 
 
1.605053 7.364427347 
nm2 (mol/kg) 0.0540638 
 
0.251865 0.18746686 
b1 (kPa-1) 0.0378033 
 
0.001060 0.000944312 
b2 (kPa-1) 3.21E-07 0.002424 0.001032247 
t1 1.880802  
 
1.105355 1.18758788 
t2 0.183781 
 
1.025056 0.582959992 
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Figure B17. IAST calculated selectivity for a 10:90 CO2: N2 mixture based upon experimentally observed 
adsorption isotherms of the pure gases for WOFOUR-1-Ni. 
 
Figure B18. IAST calculated selectivity for a 50:50 CO2: CH4 mixture based upon the experimentally 
observed adsorption isotherms of the pure gases for WOFOUR-1-Ni. 
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Gravimetric selectivity 
The wt% of CO2 at 0.15 bar in WOFOUR-1-Ni was observed to be 4.3 % whereas 
for N2 at 0.75 bar value it was found to be 0.31 % affording a selectivity of CO2 over N2 
under these conditions21 of 69. 
 
Electronic Structure Calculations and Computational Study 
Electronic structure calculations were performed on CROFOUR-1-Ni, MOOFOUR-1-Ni, 
and WOFOUR-1-Ni to determine the electrostatic nature of the atoms within the respective 
MOMs. Examination of the unit cell for all three MOMs revealed 28 atoms in chemically distinct 
environments (Figure B19).  
A series of fragments were taken from the crystal structure of the MOMs and charge-fitting 
calculations were performed on each fragment. The addition of hydrogen atoms, where 
appropriate, was required for the chemical termination of fragment boundaries. Representational 
fragments for WOFOUR-1-Ni can be found as XYZ files in the compressed folder for this 
Communication. Note, fragments of similar type were also chosen for CROFOUR-1-Ni and 
MOFOUR-1-Ni.  
All calculations on each fragment were performed using the NWChem ab initio simulation 
software.22 All C, H, N, and O atoms were treated with the 6-31G* basis set. For the Ni2+, Cr6+, 
Mo6+, and W6+ ions, the LANL2DZ23-25 effective core potential basis set was used to treat the inner 
electrons of these many-electron species. The partial charges were determined through a least-
squared fit approach26,27 to the electrostatic potential surface of each fragment. For each chemically 
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distinct atom, the partial charges were averaged between the fragments. Atoms that are buried or 
located on the edges of the fragments were not included in the averaging.  
The averaged partial charges for each chemically distinct atom for all three MOMs can be 
found in Table S3. The partial charges that were obtained for CROFOUR-1-Ni, MOOFOUR-1-
Ni, and WOFOUR-1-Ni were used for the molecular simulation of CO2 adsorption within the 
respective compounds in this work. Indeed, electronic structure calculations on all three variants 
revealed that the partial charges (derived from the electrostatic surface potential) on the terminal 
oxygen atoms for WOFOUR-1-Ni, MOOFOUR-1-Ni, and CROFOUR-1-Ni are approximately 
−0.80 e−, −0.70 e−, and −0.60 e−, respectively. 
 
 
 
Figure B19. The chemically distinct atoms in Ni(bpe)2MO4 (M = Cr, Mo, W) defining the numbering 
system corresponding to Table S3. Atom colors: C = cyan, H = white, N = blue, O = red, Ni = purple, 
Cr/Mo/W = silver. 
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Figure B20. Normalized CO2 dipole distribution in WOFOUR-1-Ni compared to some selected MOMs 
that showed high CO2 affinity, at 298 K and o.1 atm produced from the simulation.  
 
The magnitudes of the induced dipoles on the CO2 molecules in WOFOUR-1-Ni were 
compared to those that were produced from the simulations in other MOMs that show strong CO2 
affinity, such as pillared square grids18 and rht-MOFs.28-31 Specifically, the dipole distributions for 
WOFOUR-1-Ni were compared to those for SIFSIX-2-Cu-i,18 SIFSIX-3-Zn,18,32 PCN-61,29,30 and 
Cu-TPBTM31 (Figure B20). Simulations of CO2 sorption were performed in these MOMs using 
the force field parameters that were derived for the respective compounds as determined in 
previous work.18,33-35  
For SIFSIX-2-Cu-i and SIFSIX-3-Zn, a single peak can be observed from 0.20 to 0.40 D 
and 0.05 to 0.25 D, respectively. This peak for the respective MOMs corresponds to direct sorption 
onto the equatorial fluorine atoms in these compounds. Although a high occupancy of CO2 
molecules can be found in this region for these MOMs, the induced dipole magnitudes are not as 
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high as those produced by the primary sorption site in WOFOUR-1-Ni. In PCN-61 and Cu-
TPBTM, the peak that corresponds to sorption onto the copper paddlewheel clusters can be seen 
in the range 0.5 to 0.95 D and 0.70 to 1.2 D, respectively. Note, the other peaks in the CO2 dipole 
distribution for PCN-61 and Cu-TPBTM correlate to other sorption sites inside these rht-MOFs. 
The unsaturated Cu2+ ions can cause the CO2 molecules to exhibit a high dipole magnitude, with 
magnitudes greater than 1.0 D. However, the population of CO2 molecules about the open-metal 
sites is rather low. The primary sorption site afforded by WOFOUR-1-Ni is unique such that it 
induces high dipole magnitudes (close to 1.0 D) on the CO2 molecules and it gives rise to a high 
occupancy of CO2 molecules about this site. 
 
Table B5: Partial charges (in units of electrons) for the chemically distinct atoms in CROFOUR-1-Ni, 
MOOFOUR-1-Ni, and WOFOUR-1-Ni. Numerical labeling of atoms corresponds to Figure B19. 
Atom Label CROFOUR-1-Ni MOOFOUR-1-Ni WOFOUR-1-Ni 
Ni 1 0.5290 0.2465 0.5517 
Cr/Mo/W 2 1.2172 1.9315 1.9887 
O 3 –0.6366 –0.7894 –0.9075 
O 4 –0.6100 –0.7005 –0.8148 
N 5 –0.1619 –0.2336 –0.3192 
N 6 –0.2069 –0.2429 –0.2186 
C 7 0.1488 0.2216 0.0966 
C 8 0.1436 0.1700 0.1339 
C 9 –0.4261 –0.4502 –0.3628 
C 10 –0.4112 –0.4005 –0.3510 
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Table B5: (Continued) 
 
C 11 –0.2609 –0.2829 –0.2671 
C 12 –0.2474 –0.2132 –0.2601 
C 13 –0.4178 –0.3616 –0.3053 
C 14 –0.4393 –0.4215 –0.3256 
C 15 0.1875 0.1177 0.1209 
C 16 0.1996 0.2141 0.0975 
C 17 0.3659 0.3618 0.3682 
C 18 0.3679 0.3262 0.3232 
H 19 0.1240 0.1170 0.1520 
H 20 0.1265 0.1259 0.1487 
H 21 0.1685 0.1877 0.1729 
H 22 0.1759 0.1775 0.1920 
H 23 0.1924 0.2044 0.2050 
H 24 0.1852 0.1844 0.2059 
H 25 0.1730 0.1702 0.1714 
H 26 0.1743 0.1729 0.1815 
H 27 0.1017 0.1383 0.1483 
H 28 0.1102 0.1176 0.1438 
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X-ray Crystallography 
The X-ray diffraction data were collected using Bruker-AXS SMART-APEXII CCD 
diffractometer with a CuKα radiation (λ = 1.54178 Å). Indexing was performed using APEX236 
(Difference Vectors method). Data integration and reduction were performed using SaintPlus 
6.01.37 Absorption correction was performed by multi-scan method implemented in SADABS.38 
Space groups were determined using XPREP implemented in APEX2.36 The structure was solved 
using SHELXS-97 (direct methods) or using Apex2’s Intrinsic Phasing and refined using 
SHELXL-97 (full-matrix least-squares on F2) contained in OLEX239 and WinGX v1.70.0140-43 
programs.  
WOFOUR-1-Co: All non-hydrogen atoms were refined anisotropically. Hydrogen atoms 
of –CH groups were placed in geometrically calculated positions and included in the refinement 
process using riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH). Disordered 
solvent molecules have been refined as oxygen atoms (Water has been used during the synthesis). 
WOFOUR-1-Ni: All non-hydrogen framework atoms were refined anisotropically. 
Hydrogen atoms of –CH groups were placed in geometrically calculated positions and included in 
the refinement process using riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-
CH). Disordered solvent molecules have been refined as oxygen atoms. (Water has been used 
during the synthesis). One acetonitrile molecule is disordered over three positions. Crystal was a 
racemic twin: BASF = 0.579(7). Despite very low R factor (1.8%) some additional (very minor) 
twinning has been detected in diffraction pattern violating R centering. All attempts to include 
Obv/Rev twinning were unsuccessful. This does not seem to impact the structure quality 
significantly.       
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Table B6: Crystal data and structure refinement for WOFOUR-1-Co and WOFOUR-1-Ni. 
 
Identification code  WOFOUR-1-Co  WOFOUR-1-Ni  
Empirical formula  C24H20CoN4O9.08332W  C25.33H22N4.67NiO8.67W  
Formula weight  752.55  773.04  
Temperature/K  228.15  228(2)  
Crystal system  trigonal  trigonal  
Space group  R32  R32  
a/Å  21.3175(8)  21.1295(3)  
b/Å  21.3175(8)  21.1295(3)  
c/Å  17.9653(9)  18.0194(3)  
α/°  90.00  90.00  
β/°  90.00  90.00  
γ/°  120.00  120.00  
Volume/Å3  7070.3(5)  6967.06(18)  
Z  9  9  
ρcalcmg/mm3  1.591  1.658  
m/mm-1  11.243  7.982  
F(000)  3291.0  3402.0  
Crystal size/mm3  0.21 × 0.06 × 0.05  0.21 × 0.14 × 0.1  
2Θ range for data collection  6.86 to 136.44°  13.72 to 137.36°  
Index ranges  
-24 ≤ h ≤ 25, -25 ≤ k ≤ 25, -21 
≤ l ≤ 21  
-25 ≤ h ≤ 24, -25 ≤ k ≤ 25, -21 ≤ l 
≤ 20  
  
133 
 
Table B6: (Continued) 
Reflections collected  17407  15543  
Independent reflections  2866[R(int) = 0.0748]  2841[R(int) = 0.0287]  
Data/restraints/parameters  2866/0/212  2841/0/195  
Goodness-of-fit on F2  0.999  1.072  
Final R indexes [I>=2σ (I)]  R1 = 0.0271, wR2 = 0.0617  R1 = 0.0187, wR2 = 0.0488  
Final R indexes [all data]  R1 = 0.0286, wR2 = 0.0622  R1 = 0.0188, wR2 = 0.0488  
Largest diff. peak/hole / e 
Å-3  
0.43/-1.01  0.60/-0.76  
Flack parameter 0.074(8) 0.00(5) 
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APPENDIX C: 
Optimization of the Pore Chemistry in mmo Topology Networks to Sharply Boost CO2 Selective 
Adsorption 
Experimental Procedures 
A. Characterization of CROFOUR-2-Ni 
Crystals of CROFOUR-2-Ni were characterized by single crystal x-ray crystallography 
(Bruker-AXS SMART-APEXII CCD diffractometer, CuKα, λ = 1.54178 Å, Table 1), powder x-
ray crystallography (Bruker D8 Advance, CuKα, λ = 1.54178 Å, 40 kV, 40 mA, Figure 3), FT-
IR spectroscopy (Nicolet Avatar 320 FTIR, absorbance, Figure 1) and thermogravimetric 
analysis (TA-Instruments-Waters LLC. TGA Q50, Figure 2).  
 
Figure C1. FT-IR of CROFOUR-2-Ni (Nicolet Avatar 320 FT-IR, solid state, diffuse reflectance, 
4000 – 500 cm-1). 
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Figure C2. TGA of CROFOUR-2-Ni (TA-Instruments-Waters LLC. TGA Q50, 20 – 800°C, ramp 
5°C/min) 
 
Figure C3. Powder X-ray diffraction patterns of CROFOUR-2-Ni 
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X-ray Diffraction Data 
X-ray diffraction data for CROFOUR-2-Ni was collected using Bruker-AXS SMART-
APEXII CCD diffractometer) using Kα radiation (λ = 1.54178 Å). Indexing was performed using 
APEX21 (Difference Vectors method). Data integration and reduction were performed using 
SaintPlus 6.01.2 Absorption correction was performed by multi-scan method implemented in 
SADABS.3 Space groups were determined using XPREP implemented in APEX2.1 The structure 
was solved using SHELXS-97 (direct methods) and refined using SHELXL-20137 (full-matrix 
least-squares on F2) contained in APEX21,7, WinGX v1.70.014,5,6,7 and OLEX27,8. All framework 
atoms have been refined anisotropically. Disordered solvent have been modeled as O atoms, 
possibly water molecules. The occupancy of disordered molecules has been freely refined and 
SIMU restraint has been used to prevent the unreasonable expansion of thermal parameters of 
disordered O atoms. The crystal was a racemic twin – BASF = 0.210(7). Crystal data and 
refinement conditions are shown in Table C1. 
 
Figure C4. X-ray single crystal structure of (a) CROFOUR-1-Ni and (b) CROFOUR-2-Ni. 
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Table C1: Single crystal X-ray diffraction data for CROFOUR-2-Ni (Bruker-AXS APEX2 CCD 
diffractometer) 
 
Crystallographic data 
Identification code CROFOUR-2-Ni 
Empirical formula C20H16CrN8NiO6.3 
Formula weight 579.90 
Temperature/K 296.15 
Crystal system Trigonal 
Space group R32 
a/Å 20.5290(2) 
b/Å 20.5290(2) 
c/Å 17.4163(2) 
α/° 90 
β/° 90 
γ/° 120 
Volume/Å3 6356.56(14) 
Z 9 
ρcalcg/cm3 1.363 
μ/mm-1 4.413 
F(000) 2650.0 
Crystal size/mm3 0.21 × 0.18 × 0.18 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection/° 7.104 to 138.594 
Index ranges -24 ≤ h ≤ 24, -23 ≤ k ≤ 24, -21 ≤ l ≤ 20 
Reflections collected 16721 
Independent reflections 2617 [Rint = 0.0435, Rsigma = 0.0303] 
Data/restraints/parameters 2617/10/187 
Goodness-of-fit on F2 1.012 
Final R indexes [I>=2σ (I)] R1 = 0.0263, wR2 = 0.0659 
Final R indexes [all data] R1 = 0.0282, wR2 = 0.0668 
Largest diff. peak/hole / e Å-3 0.27/-0.20 
BASF parameter 0.210(7) 
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Figure C5. Images taken during SEM experiment on CROFOUR-2-Ni. 
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Gas Sorption Properties 
 
 
Figure C6. CO2 isotherm of CROFOUR-2-Ni measured at 195 K. 
 
Figure C7. CO2 isotherm of CROFOUR-2-Ni measured at 373 K. 
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Figure C8. CO2 adsorption isotherms of CROFOUR-2-Ni at 256 K, 273 K and 298 K fitted using Virial 
equation. 
 
 
Figure C9. CO2 adsorption isotherms of CROFOUR-2-Ni and Mg-DOBDC collected at 298 K. 
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Figure C10. CO2 adsorption at low pressure region for CROFOUR-2-Ni and Mg-DOBDC collected at 
298 K. 
 
 
Figure C11. CO2 adsorption isotherms for CROFOUR-2-Ni and Mg-DOBDC collected at 80 oC and 75 
oC, respectively. 
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Figure C12. CO2 adsorption at low pressure region for CROFOUR-2-Ni and Mg-DOBDC collected at 80 
oC and 75 oC, respectively. 
 
 
Ideal Adsorbed Solution Theory (IAST) 
 
The selectivities for CROFOUR-2-Ni at 298 K were predicted from the single-component 
adsorption isotherms using ideal adsorbed solution theory (IAST).9 First, the single-component 
isotherms for CO2, N2, and CH4 in CROFOUR-2-Ni at 298 K were fitted to the dual-site Langmuir-
Freundlich equation:10 
𝑛(𝑃) =
𝑛𝑚1𝑏1𝑃
(
1
𝑡1
)
1 + 𝑏1𝑃
(
1
𝑡1
)
+
𝑛𝑚2𝑏2𝑃
(
1
𝑡2
)
1 + 𝑏2𝑃
(
1
𝑡2
)
 
 
In this equation, n is the amount adsorbed per mass of material (in mol kg–1), P is the total pressure 
(in kPa) of the bulk gas at equilibrium with the adsorbed phase, nm1 and nm2 are the saturation 
uptakes (in mol kg–1) for sites 1 and 2, b1 and b2 are the affinity coefficients (in kPa
–1) for sites 1 
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and 2, and t1 and t2 represent the deviations from the ideal homogeneous surface for sites 1 and 2. 
The parameters that were obtained from the fitting are found in Table 2. 
All isotherms were fitted with R2 > 0.9999. Next, the spreading pressure for sorbates i and j can 
be calculated using the following equations:   
𝜋°𝑖𝐴
𝑅𝑇
= ∫
𝑛𝑖(𝑃)
𝑃
𝑃°𝑖(𝜋)
0
𝑑𝑃 
𝜋°𝑗𝐴
𝑅𝑇
= ∫
𝑛𝑗(𝑃)
𝑃
𝑃°𝑗(𝜋)
0
𝑑𝑃 
 
In the above equations, A represents the specific surface area (assumed to be the same for all 
sorbates), R is the ideal gas constant, T is the temperature, and P°i(π) and P°j(π) are the equilibrium 
gas phase pressures corresponding to the solution temperature and solution spreading pressure for 
the sorption of pure components i and j, respectively. Further, the following equations hold true 
for a two-component mixture according to IAST: 
𝜋°𝑖 =  𝜋
°
𝑗 
𝑃𝑦𝑖 = 𝑃
°
𝑖𝑥𝑖 
𝑃𝑦𝑖 = 𝑃
°
𝑖𝑥𝑖 
𝑥𝑖 + 𝑥𝑗 = 1 
𝑦𝑖 + 𝑦𝑗 = 1 
Here, xi and xj are the mole fractions of components i and j, respectively, in the adsorbed 
phase, and yi and yj are the mole fractions of components i and j, respectively, in the gas phase. 
The previous seven equations are seven independent equations with nine unknowns. In order to 
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solve for all of the unknowns, two quantities must be specified, particularly P and yi. Utilization 
of the aforementioned equations yield the following equilibrium expression for sorbates i and j: 
∫
𝑛𝑖(𝑃)
𝑃
𝑑𝑃
𝑃𝑦𝑖
𝑥𝑖
0
= ∫
𝑛𝑗(𝑃)
𝑃
𝑑𝑃
𝑃(1−𝑦𝑖)
(1−𝑥𝑖)
0
 
 
The above equation was solved for xi using numerical analysis
11 for a range of pressures at 
a specified yi value. Finally, the selectivity for sorbate i relative to sorbate j was calculated using 
the following: 
𝑆𝑖 𝑗⁄ =
𝑥𝑖
𝑥𝑗
𝑦𝑗
𝑦𝑖
 
 
The total amount of gas adsorbed within the mixture can be calculated using the following 
equation: 
𝑛tot =
𝑛°𝑖(𝑃
°
𝑖)𝑛
°
𝑗(𝑃
°
𝑗)
𝑥𝑖𝑛°𝑗(𝑃°𝑗) + 𝑥𝑗𝑛°𝑖(𝑃°𝑖)
 
 
where n°i(P°i) and n°j(P°j) are the amount adsorbed in the standard state at the equilibrium gas 
phase pressure for sorbates i and j, respectively. The actual amount adsorbed for each component 
within the mixture can be calculated using the following: 
 
𝑛𝑖 = 𝑛tot𝑥𝑖 
𝑛𝑗 = 𝑛tot𝑥𝑗 
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Table C2: The fitted parameters for the dual-site Langmuir-Freundlich equation for the single-
component isotherms of CO2, N2, and CH4 in CROFOUR-2-Ni at 298 K. 
 
 
 CO2 N2 CH4 
nm1 (mol kg
–1) 6.712066 1.325038  9.993793  
b1 (kPa
–1) 0.165139  0.000157  0.000597 
t1 3.313942  0.752047  1.063147 
nm2 (mol kg
–1) 0.232849  1.320756  0.045678  
b2 (kPa
–1) 0.021982  0.001129  2.224834E-08 
t2 0.498949 1.020613  0.205844 
 
 
 
 
Figure C13. IAST calculated selectivity for a 10:90 CO2: N2 mixture based upon experimentally observed 
adsorption isotherms of the pure gases for CROFOUR-2-Ni. 
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Figure C14. IAST calculated selectivity for a 15:85 CO2: N2 mixture based upon experimentally observed 
adsorption isotherms of the pure gases for CROFOUR-1-Ni. 
 
 
Table C3: Comparison of the adsorption parameters of the benchmark materials in term of CO2 from 
biogas. 
 
Materials CO2 Qst  
(kJ/mol) 
CO2 Uptake at 298 K in mixture of 
in CO2/CH4:50/50 mixture at 1 bar 
Selectivity of CO2/CH4:50/50 
mixture at 1 bar 
SIFSIX-2-Cu-ia 32 91 33 
SIFSIX-3-Zna 45 54 231 
CROFOUR-2-Nia 50 58 83 
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Table C4: Comparison of the adsorption parameters of the benchmark materials in term of CO2 from 
natural gas. 
Materials CO2 Qst  
(kJ/mol) 
CO2 Uptake at 298 K in mixture of 
in CO2/N2:10/90 mixture at 1 bar 
Selectivity of CO2/N2:10/90 
mixture at 1 bar 
SIFSIX-2-Cu-ia 32 35 140 
SIFSIX-3-Zna 45 50 1818 
CROFOUR-2-Nia 50 42 940 
 
 
Figure C15. Water adsorption isotherm of CROFOUR-2-Ni at 298 K. 
  
151 
 
 
Figure C16. Water adsorption isotherm of CROFOUR-1-Ni at 298 K. 
 
Table C5: Comparison of the water adsorption uptake in different porous MOMs. 
Materials Langmuir 
Surface area 
(m2/g) 
Water uptake 
(cm3/g)@90%RH 
Water uptake 
(wt%)@90%RH 
MCM-41 3160 960 77 
Mg-MOF-74 1510 750 60 
Co-MOF-74 1420 630 51 
UiO-66 1390 535 43 
Ni-MOF-74 1320 615 49 
SIFSIX-2-Cu-i 821 286 23 
Zeolite 13x 710 415 33 
CROFOUR-1-Ni 505 161 13 
CROFOUR-2-Ni 475 155 12.5 
SIFSIX-3-Zn 250 152 12.2 
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Computational Studies 
A. Electronic Structure Calculations 
Examination of the unit cell for CROFOUR-2-Ni revealed 26 atoms in chemically distinct 
atomic environments (Figure C17). The atomic point partial charges for each unique atom were 
determined from electronic structure calculations on representational gas phase fragments that 
mimic the chemical environment of the MOM. The addition of hydrogen atoms, where 
appropriate, was required for the chemical termination of fragment boundaries. All calculations 
on each fragment were performed using the NWChem ab initio simulation software.12 All C, H, 
N, and O atoms were treated with the 6-31G* basis set. For the Ni2+ and Cr6+ ions, the 
LANL2DZ13-15 effective core potential basis set was used to treat the inner electrons of these 
many-electron species. The partial charges were determined through a least-squared fit 
approach16,17 to the electrostatic potential surface of each fragment. For each chemically distinct 
atom, the partial charges were averaged between the fragments. Atoms that are buried or located 
on the edges of the fragments were not included in the averaging. The averaged partial charges 
for each chemically distinct atom for CROFOUR-2-Ni can be found in Tables S6. The partial 
charges that were obtained for CROFOUR-2-Ni were used for the molecular simulation of CO2 
adsorption in this work.  
 
 
Figure C17. The chemically distinct atoms in CROFOUR-2-Ni defining the numbering system 
corresponding to Table C6. Atom colors: C = cyan, H = white, N = blue, O = red, Cr = yellow, Ni = purple. 
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Table C6: Partial charges (in units of electrons) for the chemically distinct atoms in CROFOUR-2-Ni. 
Numerical labeling of atoms correspond to Figure C17. 
Atom Label q (e–) 
Ni 1 0.4274 
Cr 2 1.2208 
O 3 –0.7127 
O 4 –0.5845 
N 5 –0.2686 
N 6 –0.3259 
N 7 –0.2260 
N 8 –0.1903 
C 9 0.1540 
C 10 0.1546 
C 11 –0.3801 
C 12 –0.3335 
C 13 –0.3412 
C 14 –0.4106 
C 15 0.1430 
C 16 0.1834 
C 17 0.5488 
C 18 0.5202 
H 19 0.1443 
H 20 0.1454 
H 21 0.1833 
H 22 0.1497 
H 23 0.1547 
H 24 0.1794 
H 25 0.1561 
H 26 0.1324 
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B. Simulation Parameters, Details, and Results 
 
All simulations of CO2 adsorption in CROFOUR-2-Ni were performed using the 1 × 1 × 2 system 
cell of the MOM. The Lennard-Jones 12-6 parameters, partial charges, and static point 
polarizabilities were assigned to the nuclear center of all atoms. The Lennard-Jones parameters for 
all C, H, and N atoms were taken from the OPLS-AA force field,18 while those for Ni, Cr, and O 
were taken from the universal force field (UFF).19 The determination of the partial charges for 
each chemically distinct atom in CROFOUR-2-Ni is described in the “Electronic Structure 
Calculations” listed above. The polarizabilities for all C, H, N, and O atoms were taken from a 
carefully parametrized set that had been proven to be transferable.20 The polarizability parameters 
for Ni2+ and Cr6+ were determined by fitting a molecular polarizability tensor to one that was 
obtained from quantum mechanical calculations for fragments containing Ni2+ and Cr6+, 
respectively, according to previous considerations.21-24 These calculations were performed using 
the Q-Chem code25 with the aug-cc-pVDZ basis set applied to all atoms. An average value of 
2.94650 Å3 and 3.50740 Å3 was calculated for Ni2+ and Cr6+, respectively. 
The simulations were performed using grand canonical Monte Carlo (GCMC) methods.26 
All MOM atoms were constrained to be rigid for the simulations. A five-site polarizable CO2 
potential that was developed recently was used for the simulations in this work.27 A spherical cut-
off distance corresponding to half the shortest system cell dimension length was used for the 
simulations. The chemical potential for CO2 was determined for a range of temperatures through 
the Peng-Robinson equation of state.28 The total potential energy of the MOM–CO2 system was 
calculated as the sum of the Lennard-Jones potential energy, the electrostatic energy as calculated 
by Ewald summation,29 and the many-body polarization energy as calculated using a Thole-
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Applequist type model.30-32 All simulations were performed using the Massively Parallel Monte 
Carlo (MPMC) code.33  
A thermal distribution of states at the primary binding site in CROFOUR-2-Ni was obtain 
from simulations at a temperature of 100 K and a reservoir pressure of 0.10 atm. The simulations 
consisted of 3.0 × 105 Monte Carlo steps to reach equilibrium, followed by an additional 1.0 × 106 
steps to sample the desired thermodynamic properties. All observables were sampled every 1,000 
Monte Carlo steps. The positions of the atoms within the adsorbate molecules at the primary 
binding site for each sampling are shown to compare favorably with the experimental position that 
was determined from single crystal X-ray diffraction (Figure C18). 
The distribution of induced dipoles on the adsorbed CO2 molecules in CROFOUR-2-Ni 
was obtained from simulations at 298 K and 0.10 atm. The simulations consisted of 1.0 × 106 
Monte Carlo steps initially followed by 1.0 × 106 additional Monte Carlo steps afterward. Figure 
C19 shows a plot of the induced dipole magnitude (in Debye) versus the normalized adsorbate 
population for CROFOUR-2-Ni. The dipole distribution plot for CROFOUR-1-Ni, as determined 
in previous work,34 is also shown for comparison. Each region in the dipole distribution correlates 
to a specific binding site in the MOM. The peak from approximately 0.50 to 0.70 D for both MOMs 
corresponds to adsorption in the primary binding site, where the CO2 molecule interacts with three 
different CrO4
2– groups simultaneously (Figure C20a). This peak is larger for CROFOUR-2-Ni, 
which indicates that there are more CO2 molecules adsorbing at the primary binding site in this 
MOM compared to the parent compound. Contraction of the pore size within the primary binding 
site (by approximately 0.30 Å) results in an increased occupancy at this site in CROFOUR-2-Ni 
relative to CROFOUR-1-Ni. A noticeable large peak can also be observed from about 0.00 to 0.15 
D for CROFOUR-2-Ni. This peak corresponds to the tertiary binding site in the MOM, where the 
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CO2 molecules adsorb favorably in the second cage that is adjacent to the primary binding site in 
the [001] direction (Figure C20b). This cage is much more favorable in CROFOUR-2-Ni 
compared to CROFOUR-1-Ni due to the decorated nitrogen functionality on the walls in the 
former. The intermediate region in the dipole distribution for both MOMs corresponds to the 
adsorption of CO2 onto the secondary binding sites, where the CO2 molecule interacts with the 
oxygen atoms of two different CrO4
2– groups concurrently (Figure C20a). 
                                             (a) 
 
                                             (b) 
 
 
Figure C18.  (a) The [001] and (b) [100] view of the cavity in CROFOUR-2-Ni showing the predicted CO2 
molecule positions at the primary binding site compared to the position that was determined through X-ray 
crystallography (shown in transparent van der Waals representation). The spread of positions represents the 
predicted thermal distribution of adsorbate sites about the experimentally determined position. Atom colors: 
C = gray, N = blue, O = red, Cr = brown, Ni = green. H atoms were omitted for clarity. 
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Figure C19. The normalized CO2 dipole distribution in CROFOUR-2-Ni (red) compared to CROFOUR-
1-Ni (black) at 298 K and 0.10 atm as produced from molecular simulations involving explicit many-body 
polarization. 
 
 
                                             (a) 
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                                             (b) 
 
 
Figure C20. The [001] view of (a) the first cage in CROFOUR-2-Ni showing the primary and secondary 
binding sites and (b) the second cage showing the tertiary binding site. Atom colors: C = cyan, H = white, 
N = blue, O = red, Cr = yellow, Ni = purple. 
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APPENDIX D: 
Highly Selective Xenon Adsorption and Separation in mmo Platform 
 
Gas Sorption Properties 
 
 
Figure D1. Xe isosteric heat of adsorption (Qst) for CROFOUR-1-Ni calculated by Clausius-Clapeyron 
and Langmuir-Freundlich methods. 
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Figure D2. Xe isosteric heat of adsorption (Qst) for CROFOUR-2-Ni calculated by Clausius-Clapeyron 
and Langmuir-Freundlich methods. 
 
 
Figure D3. Xe adsorption isotherm of CROFOUR-1-Ni at 298 K fitted using the Langmuir-Freundlich 
equation. 
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Figure D4. Xe adsorption isotherm of CROFOUR-1-Ni at 278 K fitted using the Langmuir-Freundlich 
equation. 
 
Figure D5. Xe adsorption isotherm of CROFOUR-2-Ni at 298 K fitted using the Langmuir-Freundlich 
equation. 
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Figure D6. Xe adsorption isotherm of CROFOUR-2-Ni at 278 K fitted using the Langmuir-Freundlich 
equation. 
 
Ideal Adsorbed Solution Theory (IAST) Calculations 
The selectivities for CROFOUR-1-Ni and CROFOUR-2-Ni at 298 K were predicted from 
the single-component adsorption isotherms using ideal adsorbed solution theory (IAST).1 First, the 
single-component isotherms for Xe, and Kr in both MOMs at 298 K were fitted to the dual-site 
Langmuir-Freundlich equation.2 
The parameters that were obtained from the fitting of the Xe and Kr isotherms for 
CROFOUR-1-Ni and CROFOUR-2-Ni are found in Tables D1 and D2, respectively. All isotherms 
were fitted with R2 > 0.9999. 
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Table D1. The fitted parameters for the dual-site Langmuir-Freundlich equation for the single-component 
isotherms of Xe and Kr in CROFOUR-1-Ni at 298 K. 
 
 
 Xe Kr 
nm1 (mol kg
–1) 3.803296  0.367467  
b1 (kPa
–1) 2.537391E-06 1.032177E-04 
t1 0.643429  0.571152  
nm2 (mol kg
–1) 2.102130  0.862918  
b2 (kPa
–1) 0.085379  9.006471E-03 
t2 1.182444  0.970575  
 
 
 
Table D2. The fitted parameters for the dual-site Langmuir-Freundlich equation for the single-component 
isotherms of Xe and Kr in CROFOUR-2-Ni at 298 K. 
 
 
 Xe Kr 
nm1 (mol kg
–1) 3.815415  0.653320  
b1 (kPa
–1) 5.020246E-05 4.087192E-04 
t1 0.646446  0.660919  
nm2 (mol kg
–1) 1.943000  0.488873  
b2 (kPa
–1) 0.075633  0.016124  
t2 1.308787  0.946366 
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Figure D7. IAST calculated selectivity for a 50:50 Xe: Kr mixture based upon experimentally observed 
adsorption isotherms of the pure gases for CROFOUR-1-Ni. 
 
 
 
Figure D8. IAST calculated selectivity for a 50:50 Xe: Kr mixture based upon experimentally observed 
adsorption isotherms of the pure gases for CROFOUR-2-Ni. 
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Figure D9. IAST calculated selectivity for a 10:90 Xe: Kr mixture based upon experimentally observed 
adsorption isotherms of the pure gases for CROFOUR-1-Ni. 
 
 
Figure D10. IAST calculated selectivity for a 10:90 Xe: Kr mixture based upon experimentally observed 
adsorption isotherms of the pure gases for CROFOUR-2-Ni. 
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Computational studies of Xe and Kr gases in CROFOUR-1-Ni and CROFOUR-2-Ni 
A. Electronic Structure Calculations 
 
The atomic point partial charges for the atoms in CROFOUR-1-Ni were determined in 
previous work3 and used for the simulations executed herein. Examination of the unit cell for 
CROFOUR-2-Ni revealed 26 atoms in chemically distinct atomic environments. The partial 
charges for each unique atom were determined from electronic structure calculations on 
representational gas phase fragments that mimic the chemical environment of the MOM. The 
addition of hydrogen atoms, where appropriate, was required for the chemical termination of 
fragment boundaries (see Appendix C).  
All calculations on each fragment were performed using the NWChem ab initio simulation 
software.4 All C, H, N, and O atoms were treated with the 6-31G* basis set. For the Ni2+ and Cr6+ 
ions, the LANL2DZ5-7 effective core potential basis set was used to treat the inner electrons of 
these many-electron species. The partial charges were determined through a least-squared fit 
approach8,9 to the electrostatic potential surface of each fragment. For each chemically distinct 
atom, the partial charges were averaged between the fragments. Atoms that are buried or located 
on the edges of the fragments were not included in the averaging (see Appendix C). The partial 
charges that were obtained for CROFOUR-2-Ni were used for the molecular simulations of Xe, 
and Kr adsorption in this work.  
 
B. Simulation Parameters and Details 
All simulations of Xe, and Kr adsorption in CROFOUR-1-Ni and CROFOUR-2-Ni were 
performed using the 1 × 1 × 2 system cell of the respective MOMs. The Lennard-Jones 12-6 
parameters, partial charges, and static point polarizabilities were assigned to the nuclear center of 
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all atoms. The Lennard-Jones parameters for all C, H, and N atoms were taken from the OPLS-
AA force field,10 while those for Ni, Cr, and O were taken from the universal force field (UFF).11 
The polarizabilities for all C, H, N, and O atoms were taken from a carefully parametrized set that 
had been proven to be transferable.12 The polarizability parameters for Ni2+ and Cr6+ were 
determined by fitting a molecular polarizability tensor to one that was obtained from quantum 
mechanical calculations for fragments containing Ni2+ and Cr6+, respectively, according to 
previous considerations.13-16 These calculations were performed using the Q-Chem code17 with the 
aug-cc-pVDZ basis set applied to all atoms. An average value of 2.94650 Å3 and 3.50740 Å3 was 
calculated for Ni2+ and Cr6+, respectively. 
The simulations were performed using grand canonical Monte Carlo (GCMC) methods.18 
All MOM atoms were constrained to be rigid for the simulations. Newly developed polarizable 
potential energy functions for Xe and Kr were utilized for simulations of the respective adsorbates 
in both MOMs (see next subsection). A spherical cut-off distance corresponding to half the shortest 
system cell dimension length was used for the simulations. Simulations of Xe and Kr adsorption 
in both MOMs were performed in the ideal gas limit. The total potential energy of the MOM–
sorbate system was calculated as the sum of the Lennard-Jones potential energy, the electrostatic 
energy as calculated by Ewald summation,19 and the many-body polarization energy as calculated 
using a Thole-Applequist type model.20-22 All simulations were performed using the Massively 
Parallel Monte Carlo (MPMC) code.23  
C. Xe and Kr Potentials 
For the development of the polarizable potentials of Xe and Kr, first, the Lennard-Jones 
parameters for the respective noble gas atoms were fit using the least-squares method to reproduce 
the counterpoise corrected CCSD(T) interaction energy24 from 10 Å to an interaction energy of 
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500 K. The CCSD(T) interaction energy was calculated using the MOLPRO package25 using the 
aug-cc-pVTZ/aug-cc-pVQZ extrapolation to the complete basis set (CBS) limit for Kr and using 
aug-cc-pV5Z-PP with the built-in effective core potentials for Xe. Next, the polarizabilities were 
fit to the CCSD linear response equations using aug-cc-pV5Z for Kr and aug-cc-pV5Z-PP for Xe; 
these calculations were performed using the NWChem software.2 The resulting parameters for the 
Xe and Kr potentials are shown in Table D3. 
 
Table D3. Parameters for the developed polarizable potentials of Xe and Kr used for the simulations in 
this work. ε and σ represents Lennard-Jones parameters, and α° corresponds to the atomic point 
polarizability. 
Model ε (K) σ (Å) α° (Å3) 
Xe 237.98525 3.95680 4.099 
Kr 183.79583 3.60127 2.528 
 
Figure D11. The normalized Xe and Kr dipole distributions in CROFOUR-2-Ni compared to CROFOUR-
1-Ni at 298 K and 0.10 atm as produced from molecular simulations involving explicit many-body 
polarization. 
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